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CHAPTER 1.  GENERAL INTRODUCTION 
DISSERTATION ORGANIZATION 
             This dissertation includes a general introduction (Chapter 1) and two journal papers 
(Chapters 2-3). The general introduction contains a literature review including a discussion 
of maize as a model for plant architecture study, hormone and gene networks controlling 
maize inflorescence development and internode elongation. Chapter 2 is a manuscript 
planned for future publication, which is about regulation of maize shoot architecture by 
tassels replace upper ears1 (tru1), including morphological analysis of tru1-ws mutant and 
genetic analysis of tru1 with tb1, gt1, kn1, ra1, ts1, ba1, bif2, an1, D8 mutants. My 
contributions include the planning and execution of the experimental design and writing of 
the manuscript in conjunction with Dr. Vollbrecht. Chapter 3 is tru1 cloning manuscript 
planned for future publication, which includes mapping and cloning of tru1, morphological 
analysis of tru1-ws mutant, genetic interaction between tru1 and tb1, ra1 and ts1 mutants, 
detasseling experiment and expression experiments. My contributions include the design of 
the experimental plan, the interpretation and implications of the results, and drafting the 
manuscript with Dr. Vollbrecht. 
 
LITERATURE REVIEW 
Maize is a good model for plant architecture study 
Maize is a good model for studying plant architecture due to its rich genetic history, 
various mutants and landraces and the sequenced genome. Maize is believed to be first 
domesticated from its ancestor, a wild grass called teosinte in Mexico 9000 years ago [1]. 
During the domestication selection, about 1200 genes are thought to serve as preferential 
targets [2], and genes like teosinte branched1 (tb1) are involved in controlling the 
architecture in the transformation from teosinte to maize. Reduced branching due to 
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enhanced apical dominance has been one of the important traits in the selection by 
domestication of maize from its ancestor teosinte. 
Maize is the second member of grass family to have its genome sequenced after rice.  
The genome of maize B73, a commerical inbred line, is composed of 2.3 billion base pairs of 
DNA (including 32,000 protein-coding genes), about six times size of rice (GS=389 Mb) [3] 
and three times size of sorghum (GS=700 Mb) [4]. The differences of genome size are 
probably due to ancestral allotetraploidization of maize and genome expansion. Maize is 
thought to originate from the allotetraploidization of its two progenitors that diverged from 
each other at about 11.9 MYA, almost the same time as they diverged from sorghum [5]. 
The maize genome is highly repetitive since the most abundant parts of the sequence are 
transposable elements, which spans almost 85% of the entire genome [6, 7]. The sequenced 
genome will accelerate efforts on mapping genes that are important for the development of 
maize architecture. 
Plant architecture is determined by SAM and AxM 
Plant architecture is a 3D organization of main axes, lateral branches and lateral 
organs. The maize shoot has two distinct architectureal components: a male tassel on the 
top of the elongated main stem with expanded leaves forms the main axis, and a female ear 
at the tip of the lateral condensed shank, with wrapped husk leaves, forms the lateral axis. 
Better understanding of plant architecture, including the genetic basis of inflorescence and 
shoot development, will help the improvement of crop yield and biofuel production. Plant 
architecture is largely determined by the activities of shoot apical meristem (SAM) and 
axillary meristem (AxM) under the tight genetic control though environmental factors such 
as temperature, light and water may also influence plant architecture. Networks of genes 
and hormones are known to modulate the developmental processes of inflorescence 
meristems. For example, Corngrass1 (Cg1) encodes the regulatory miR156 that alters both 
inflorescence meristem development and whole plant architecture [8]. The ramosa genes 
and barren inflorescence2 (bif2) are important in the formation of both tassel and ears. 
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tasselseed4 (ts4) determines the sex and cell fate of meristems forming tassel. teosinte 
branched1 (tb1), however, determines the sex and cell fate of axillary meristems forming 
ears [9]. tb1 may determine sex indirectly, because its main effect is to repress shoot 
growth locally within the bud. Therefore, the derepression of axillary meristems in tb1 
mutants results in elongated shanks tipped with staminate inflorescences and changes the 
whole plant architecture [10]. tb1 is expressed in all the AxMs and axillary shoots. The 
expression of tb1 is conserved in husk leaves of maize and teosinte [10]. Similarly, tassels 
replace upper ears1 (tru1) regulates a distinction between tassel and ear identity for the 
axillary branch [11]. Therefore, tru1-ws mutant is a good model for studying the relationship 
between inflorescences and the whole plant architecture. 
Inflorescence 
Maize has spatially separate staminate and pistils inflorescences. Each inflorescence 
develops from shoot apical meristem (SAM). In the vegetative stage, the SAM produces leaf 
primordia (Fig.1A). During the transition of the plant from vegetative to reproductive stage, 
the terminal SAM elongates and develops into an inflorescence meristem (IM) (Fig.1B), 
which forms the tassel. Subsequently, the IM initiates less determinate branch meristems 
(BM) that form branches at the base of the central spike and then more determinate 
spikelet pair meristems (SPM) on its flank [12]. The SPM then initiates a secondary axillary 
meristem named spikelet meristem (SM) and converts to another SM. Each of the two SM 
generates two glume primordia (GP) before forming a pair of floral meristems (FM), each a 
tertiary axillary meristem (Fig.1C). Each SM initiates the lower FM and converts into the 
upper FM. In the ear development, however, IM formation from a lateral SAM (axillary 
meristem) begins a couple of days after the floral transition at the tassel [13]. Besides, there 
is no BM formed in the ear formation. Some genes like tb1 only express in axillary 
meristems other than the SAM, which is consistent with its function in suppressing the 
growth of axillary branches. The SAM has highly compartmentalized structures that consist 
of central zone (CZ), organizing center (OC), peripheral zone (PZ), rib zone (RZ) and two 
layers (tunica and corpus, outer and inner layers, respectively) (Fig.1D). Primordium 0 (P0) 
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represents the incipient leaf primordium. P1 designates the primordium of the youngest 
initiating leaf. P2 refers to the next oldest leaf.  
Meristem size 
Many genes regulate the SAM integrity and size. In dicots, the feedback loop 
between WUSCHEL (WUS) and CLAVATA (CLV) genes controls cell homeostasis in the SAM 
(Fig.1E). In maize, ZMWUS2 (WUS ortholog) is expressed in the tunica layer of SAM 
periphery and the abaxial region of P1 and P2 (Fig.1D), which overlaps with the expression 
of thick tassel dwarf1 (td1) (CLV1 homolog) [14]. Unlike dicots, a CLV3 ortholog gene in 
maize may produce an extra-cellular ligand from the internal region of the SAM instead. The 
different expression pattern of WUS/CLV orthologs in maize suggests alternative pathways 
in the maintenance of the grass SAM.  
Cytokinin (CK) also regulates the SAM size. The lonely guy (log) gene in rice encodes 
a CK-activating enzyme that regulates the last step of bioactive CK synthesis. Loss of 
function log mutant shows premature termination of the SAM [15], similar to wus mutants. 
log is expressed in the tips of both the SAM and the axillary meristems (Fig.1D). CK signaling 
can be downregulated by ARRs in a His-Asp phosphorelay. Type-A ARR genes can be 
repressed by WUS, resulting in the increased CK activity [16]. In maize, abph1/zmrr3 
encodes a type-A response regulator and is normally expressed in P0 of the SAM (Fig.1D). 
Loss of function of abph1 strikingly alters leaf phyllotaxy due to increased size of the SAM 
[17]. 
Meristem maintenance 
Class 1 knotted1-like homeobox (knox1) genes encode homeobox transcription 
factors, which are required in the maintenance of the SAM. KNOX1 is expressed in the SAM 
(Fig.1D) and is down-regulated in the incipient leaf primordia after leaf initiation [18]. Loss 
of function knotted1 (kn1) in maize shows the inability to maintain a SAM [19], resulting in 
smaller ears and fewer branched tassels. Gain of function Kn1 mutants show knotted leaf 
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blade due to induced cell proliferation. In Arabidopsis, shoot meristemless (stm) gene 
(KNOX1 ortholog) represses asymmetric leaves1 (as1), the MYB domain transcription factor, 
which in turn inhibits KNAT1 (KNOX1 redundant gene in Arabidopsis) in differentiating 
lateral organs (Fig.1E) [20]. In the SAM, high CK/auxin ratio and low GA levels stimulate 
indeterminate growth (Fig.1D). In the P0, low CK/auxin ratio and high GA levels promote 
lateral organ initiation [21]. KNOX1 maintains the SAM by promoting CK signaling and by 
repressing gibberellin (GA) signaling, which is actually consistent with the ability of CK to 
promote cell division during shoot initiation and the ability of GA to promote cell expansion 
during shoot elongation. In Arabidopsis and rice, KNOX1 activates CK signaling by 
upregulating two isopentenyl transferase (ipt) genes, which encode a key enzyme catalyzing 
the final step of CK biosynthesis [22, 23]. KNOX1 maintains low GA levels either by inhibiting 
GA20-ox1 gene that encodes a rate-limiting enzyme of GA biosynthesis [24] or by promoting 
GA2-ox gene that encodes GA2-ox for deactivating GA. There is a subtle interplay between 
CK and GA during the initiation of leaf primordial. KNOX1 promotes the expression of GA2-
ox at the SAM-leaf boundary (Fig.1D) and prevents GA synthesized in leaves entering the 
SAM [22]. The antagonistic effects of CK and GA reflect their convergence with the activity 
of the SPINDLY (SPY) gene, which acts as both a negative regulator of GA responses and a 
positive regulator of CK signaling [25]. The SPY gene suppresses GA signaling via SPY-
mediated O-GlcNAc modification of DELLA proteins when GA levels are relatively low. The 
SPY gene may promote CK responses through a DELLA-independent GA signaling cascade. 
When GA levels are high, however, CK signaling is inhibited via SPY-independent pathways 
(Fig.1E).  
Meristem determinacy and identity 
The lateral organ boundaries (lob) genes encode proteins with the highly conserved 
LOB domain across grass species [26], and many function in lateral organ development [27]. 
The Arabidopsis LOB gene is expressed at the base of lateral organs from the SAM and is 
activated by ASYMMETRIC LEAVES1 (AS1/2) and KNAT1 in Arabidopsis (Fig.1E) [20]. Ectopic 
expression of the LOB shows altered size and shape of leaves and floral organs, and even 
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shows sex sterility [28]. In maize, one of the ramosa family members ramosa 2 (ra2) 
encodes a putative transcription factor with a LOB domain, which shares the expression at 
the SAM-SPM boundary with other ramosa members ra1 and ra3 [12]. All of the ramosa 
mutants show increased indeterminancy in axillary meristems, indicating their functions in 
SPM determinacy. Besides, tasselseed1 (ts1) encodes a lipoxygenase that is expressed at 
IM-SPM boundary and affects production of jasmonic acid to regulate sexual development 
[29]. branched silkless1 (bd1) encodes an ethylene-responsive element binding factor (ERF) 
class of transcription factor that is expressed in an arc in the boundary of SM-inner GP [30] 
and functions in the SM determinacy and FM identity. All these genes expressed in the 
boundary domains maintain the fate of stem cells in meristems and prevents their identity 
from the indeterminate branch identity.  
In Arabidopsis, BLADE-ON-PETIOLE1 (BOP1) and BOP2 regulate leaf and flower 
architecture. They encode BTB-ankyrin transcriptional co-regulators and are expressed in 
lateral organ boundaries [31]. Mutants in BOP1, AS1 or AS2 all show lobed blades with 
leaflet-like organs on their petioles [20, 32, 33, 34, 35]. AS1 ecodes a MYB domain 
transcription factor, a homologue of maize rough sheath2 (rs2) and Antirrhinum phantastica 
(phan)[20, 36, 37], and upregulates leaf cell fate specification and adaxial polarity [38]. AS2, 
one of members of LOB domain genes, encodes a protein with cysteine repeats (C-motif) 
and a leucine-zipper-like sequence [39]. AS1 and AS2 maintain or promote the 
differentiated state of leaf cells by repressing KNOX1 redundant genes in differentiating 
lateral organs [20]. However, the inhibitory effect of AS1 and AS2 is repressed by SHOOT 
MERISTEMLESS (STM) gene (KNOX1 ortholog) [38]. In 35S: BOP and bop mutant plants, AS2 
expression is upregulated and downregulated, respectively [40]. Additionally, the 
expression of class I knox gene is repressed by the ectopic expression of either BOP1 or 
BOP2 [40]. Further, the bop1; as1 double mutant, the bop1; as2 double mutant and the 
bop1; stm double mutant show a synergistic leaf phenotype. Therefore, BOP1 acts with AS1 
or AS2, and STM in a synergistic pathway to promote the determinate cell fate in leaf by 
regulating class I knox genes [32, 38, 41]. BOP1 and BOP2, together with PUCHI, also 
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upregulate LEAFY (LFY) and APETALA1 (AP1), which play key roles in floral meristem identity 
[42]. BOP1 and BOP2 act with either LFY or AP1 in the regulation of floral meristem identity 
[31]. Besides, BOP1 and BOP2 act with lfy in the inhibition of bract formation [43]. 
Sex determination 
In maize, abortion of pistil primordia in the tassel, and cell cycle arrest of cells in 
male stamens and the lower floret in ear, result in sex determination. ts4 and Ts6 mutants 
show altered primary sex and secondary sex characteristics (proliferative inflorescence 
branching) as well, but ts1, ts2, Ts3, and Ts5 mutants, show primary sex reversal only (no 
extra branching). Mutations in ts1 and ts2 cause the abortion of tassel pistils and the 
secondary ear florets, respectively, resulting in altered sex with functional pistillate florets 
in tassel and paired pistillate spikelets in ear. ts2 encodes a short-chain alcohol 
dehydrogenase/reductase (SDR) that is expressed in the subepidermal layer of the 
developing pistil in tassel florets, indicating its function in the abortion of the pistils of male 
spikelets and the secondary pistils of female spikelets [44]. Application of jasmonic acid to 
the tassels in ts1 and ts2 mutants rescues stamen development, indicating the function of 
jasmonic acid in tassel development. The expression of ts2 in pistil cells is repressed in ts1 
mutants, indicating that ts2 acts downstream of ts1 and jasmonates in the common 
biosynthetic pathway [45]. During the development of primary florets in ears, pistil fate is 
protected from tasselseed-induced cell death by silkless1 (sk1) gene. sk1 mutants show an 
opposite phenotype to ts1 and ts2 with normal tassel and pistil-free sterile ears. Loss of 
function sk1 mutant fails to block the tasselseed-mediated cell death process, resulting in 
the abortion of primary ear pistil survival. The ts2; sk1 double mutants have paired pistillate 
spikelets with silks in ears (ts2 phenotype) and different tassel florets developing either 
distally (sk1 phenotype) or proximally (ts2 phenotype), suggesting the complete epistasis of 
ts2 to sk1 in the ear and the partially suppression of ts2 by sk1 in the tassel. GA also plays a 
role in sex determination by promoting pistillate florets and repressing stamen 
development in ear. Endogenous high levels of GA stimulate stamen abortion, and 
exogenous applied GA causes feminized tassel. Endogenous low levels of GA, however, 
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promote staminate flower development [46]. GA biosynthesis genes include dwarf (d) (d1, 
d2, d5) and anther-ear1 (an1), while GA response genes include D8 and D9. an1 encodes an 
ent-kaurene synthase that catalyses an early step in the GA biosynthesis [47]. Mutation in 
D8 and D9 causes defects in GA response due to the N-terminal deletion of the DELLA 
repressor protein, which is homologous to GA-insensitive (GAI) in Arabidopsis and binds GA 
receptor GA insensitive dwarf1 (GID1) [48]. Mutations in those genes show a dwarf 
phenotype with anthers in the ear florets. The ts2; d1 double mutants have an additive 
phenotype, the same as ts2; D8 double mutant that shows perfect flowers (both stamens 
and pistils), indicating the two independent pathways involved in the regulation of sex 
determination [49]. 
Lateral branches and apical dominance 
Lateral branch outgrowth is under the control of apical dominance. The degree of 
apical dominance varies in various plant species. Sunflower (Helianthus annuus), for 
example, displays strong apical dominance with no axillary branch. In contrary, tomato 
shows reduced apical dominance with bushy lateral branches. Maize, however, exhibits 
some degree of apical dominance with upper axillary branches slightly elongated and tipped 
by ears while lower branches are progressively suppressed. However, maize shows 
significantly increased apical dominance compared to its ancestor teosinte. tb1 functions in 
suppression of axillary organs and formation of female inflorescences [9]. Defects in tb1 
cause severe loss of apical dominance in maize. Interestingly, several factors like 
decapitation, low light intensity, or short-day photoperiods can remove or weaken apical 
dominance, suggesting different mechanisms involved in apical dominance. 
One of the mechanisms that explains apical dominance is auxin. Auxin is 
biosynethsized in the shoot apex and apical young forming leaves, and is transported 
basipetally through polar auxin transport stream in the stem, and inhibits lateral bud 
outgrowth indirectly by interacting with other hormones, maintaining apical dominance [50, 
51]. Decapitation removes the inhibitory effect of apical auxin on lateral branch outgrowth, 
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causing axillary bud outgrowth. Interestingly, auxin level is increased from dormancy in 
outgrowing axillary buds, where auxin is biosynthesized and exported. The PIN1 expression 
correlates with the effects of auxin export [52]. Decapitation can cause the export of auxin 
from outgrowing bud to stem due to the polar localization and induction of PIN1 in pea 
(pisum sativum), indicating the regulation of lateral bud outgrowth by export of auxin from 
the lateral buds [53]. Besides, dwarf pea and normal pea behave differently in response to 
decapitation [54]. Instead of the topmost node in dwarf pea, the bud from the second or 
third node from the base in normal pea grows out more rapidly followed by buds in lower 
nodes, suggesting that the interactions of hormones between apex and lateral branches in 
dwarf and normal pea is different. 
Apical dominance is not solely caused by one regulator. Auxin is just the tip of the 
iceberg, and a calibrated gene and hormone network is response for controlling apical 
dominance (Fig.2). The integration of multiple hormones like auxin, GA, CK and 
strigolactone is involved in apical dominance. Application of exogenous auxin, GA and 
strigolactone can promote apical dominance [55, 56, 57]. Both of GA and auxin inhibit 
lateral branching while CK promotes lateral branching. The ratio of GA/auxin to CK is critical 
in apical dominance. Cytokinin (CK), generated both in the roots and in the nodal stem [58], 
is transported acropetally to enter the buds through the xylem, affecting their activities 
directly. A large amount of auxin in the buds may antagonize the positive effect of CK on 
lateral branching. After decapitation, the lateral bud outgrowth is induced by increased CK, 
which is biosynthesized in the nodal stem rather than in the roots [58]. CK level is elevated 
in the axillary buds of chickpea [59] and in xylem exudates of bean [60] after decapitation, 
respectively. This transient increase of CK level is suppressed when auxin is applied [60, 61], 
suggesting that auxin also inhibits axillary bud outgrowth directly, by repressing CK. In 
return, there is a positive correlation between CK level and auxin biosynthesis in 
Arabidopsis shoot tissue [62], indicating a homeostatic feedback loop between auxin and CK. 
Similar to CK, strigolactone (SL) is synthesized mainly in roots and transported acropetally to 
inhibit lateral bud outgrowth directly [56, 57]. Downwards movement of auxin could be 
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inhibited by upwards movement of SL, resulting in the accumulation of auxin in axillary 
meristems. A feedback loop may exist among auxin, tb1 and SL [63]. The SL biosynthesis 
genes are also induced by GRAS-type transcription factors NSP1 and NSP2 (NODULATION 
SIGNALING PATHWAY) [64]. In Arabidopsis, SL antagonizes auxin transported basipetally 
from the apex in the stem and reduces PIN1 accumulation [65]. The TCP transcription factor 
family acts as an integrator of hormonal and environmental signals. TCP family genes,  
including maize teosinte branched1 (tb1), rice FINECULM1 (FC1), and the Arabidopsis 
BRANCHED (BRC1), are involved in the interaction of auxin, SL and CK (Fig.2) [66]. FC1 is 
expressed in AxM and suppresses the lateral branch outgrowth. Auxin promotes FC1 
indirectly by inhibiting CK, which represses FC1 expression. FC1 acts downstream of SL in 
rice to suppress lateral bud outgrowth[66]. In maize, tb1 indirectly inhibits lateral bud 
outgrowth by repressing gt1 in the same pathway [67] (Fig.2). Interestingly, the bioynthesis 
of SL is regulated by a feedback loop. Auxin promotes expression of SL biosynthesis genes 
[68, 69], while reduced SL induces auxin level. SL at low level promotes auxin to stimulate 
the biosynthesis of SL, but also represses auxin transport by repressing PIN indirectly [50]. 
Abscisic acid (ABA) and ethylene also regulate lateral bud elongation by counteracting the 
growth-promoting effect of CK [70]. Interestingly, auxin stimulates the biosynthesis of ABA 
and ethylene in axillary buds and in nodes where axillary buds are initatied, respectively 
[71]. Since auxin imposes apical dominance, and auxin promotes ABA biosynthesis, ABA 
should inhibit lateral bud outgrowth in intact plant and cause the elongation of lateral bud 
after decapitation (Fig.2). However, ABA inhibits the decapitation-mediated lateral bud 
growth [72], suggesting alternative pathways from ABA regulating lateral bud outgrowth. 
Auxin-mediated apical dominance in decapitated shoots is also enhanced by GA [73]. In 
addition, GA stimulates CK-mediated lateral bud elongation [74]. 
Leaf phyllotaxy 
Leaves initated from the shoot apical meristem (SAM) are spatially arranged in a 
certain pattern, called phyllotaxis [75]. The common phyllotaxis patterns include distichous, 
decussate and spiral. Maize leaves are arranged in a distichous pattern. During vegetative 
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development, SAM integrates spatial information in leaf primodia using regulators of leaf 
initation. One of those regulators is auxin. Studies on cotyledon initation in Arabidopsis 
found that an auxin maximum is formed at leaf primorda, which requires auxin efflux 
facilitator PINFORMED1 (PIN1) [76] and a positive regulator of PIN1 polar localization 
PINOID1 (PID1) kinase [77]. Mutations in those genes block auxin transport, causing pinlike 
stalks [78]. The PID ortholog in maize is barren inflorescence2 (bif2), which encodes 
serine/threonine protein kinase regulating auxin transport [79]. bif2 phosphorylates 
zmpin1a (a putative pin1 ortholog) in vitro and regulates its subcellular localization in vivo 
[6]. Mutation in bif2 results in fewer branches in both tassels and ears, suggesting that auxin 
is an inducer for organ initation [79]. Similarly, loss of function in barren stalk1 (ba1) [80] 
and sparse inflorescence1 (spi1) mutants [81] also leads to barren tassels with no lateral 
organ formation. ba1 encodes a basic helix-loop-helix transcription factor and functions 
downstream of auxin transport [82]. ba1 is expressed where new meristems initiate and 
bif2 is expressed in the whole axillary meristems [79]. spi1 encodes a monocot-specific, 
biosynthetic yucca-like gene that is required for the formation of axillary meristems and 
lateral organs (Fig.1e). The double mutant spi1; bif2 shows a synergistic phenotype, 
indicating an interaction between auxin biosynthesis and transport [81]. Post-
transcriptional regulation of auxin signaling is mediated by microRNAs (miRNAs) [83]. In 
Arabidopsis, for example, degradation of CUC (CUP-SHAPED COTYLEDON) gene mRNAs that 
are expressed in narrow strips in the SAM (Fig.1D, E) by miR164 is not only important for 
boundary size control of meristems but also for the separation of adjacent embryonic, 
vegetative, and floral organs [84]. Auxin determines where leaves initate but not how the 
distichous maize leaf pattern forms, suggesting other regulators during leaf formation. The 
abphyl1 (abph1) gene encodes a protein homologous to two-component response 
regulators in cytokinin (CK) signaling. Defects in abph1 alter the distichous pattern of maize 
leaf to decussate pattern. abph1 is thought to squeeze space for leaf primordium initation 
by reducing CK-induced expansion of SAM [17].In addition to auxin and CK, gibberellin (GA) 
also play a role controlling leaf shape. GA biosynthesis mutants such as an1 and GA 
response mutants such as D8 show broad but short blade. 
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Inflorescence architecture  
Normal staminate inflorescences or tassels, are composed of several long branches 
at the base of central spike. Both central spike and lateral branches are covered with rows 
of paired spikelets: the pedicellate and sessile spikelet. Each male spikelet has outer and 
inner glumes, the upper and lower florets. Each floret consists of one lemma and palea, two 
lodicules and three stamens and one pistil [13]. The ear and tassel are similar at early stages 
reflecting common developmental processes, but appear different at maturity due to the 
abortion of pistil in tassel florets and stamens in upper ear floret, and differences in the way 
their main stems grow and develop [13]. The lower floret in the ear degenerates early in the 
development of the ear. tb1 [85] is expressed in lower floret and young stamens of both 
florets in female spikelet, similar to its expression in an1 female spikelet, indicating that tb1 
is probably upstream of an1 or in a different pathway. tb1 is expressed weakly in all 
stamens in male spikelet, indicating its function in stamen suppression [10].  
Architecture of tassel is controlled by the ramosa pathway [12]. ra1 encodes a 
transcription factor with a Cys2-His2 zinc finger motif [86] and is expressed after ra2. ra3 
encodes a trehalose-6-phosphate phosphatase (TPP) [87]. ra2 and ra3 act upstream of ra1 
in a common pathway, as well as acting in independent pathways, to impose determinate 
fate to the SPM. The ra2 mutant has smaller branch angels, abnormal mixed spikelets and 
increasingly shorter branches toward the tip of the tassel. In addition to the role of sex 
determintation, GA also promotes tassel branching but does not affect tassel development. 
The GA biosynthesis mutants such as an1 and GA response mutants such as D8 usually have 
reduced tassel branch number. 
Internode elongation 
GA promotes stem elongation since GA biosynthesis mutants such as an1 [47] and 
GA response mutants such as D8 show short internodes. GA regulates stem node numbers, 
which is independent of its role in promoting internode elongation. GA level is regulated by 
GA biosynthetic enzymes including those encoded by ga20ox1 and ga20ox2. ga20ox1 is 
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more related to internode elongation, while ga20ox2 is more related to promote stem node 
number[88]. GA level is controlled by several factors. knox1, for example, represses ga20ox 
but promotes ga2-ox  at the SAM-leaf boundary, maintaining low GA level in SAM in both 
maize [89] and rice [22] (Fig.2). In maize, a rapid metabolism of GA20→GA1→GA8 is related 
to inherently rapid growth in maize hybrids [90]. The promoting effect of GA on internode 
elongation is suppressed by auxin. In rice, however, the content of bioactive GA1 in this 
metabolism pathway is reduced in the uppermost internode due to decreased panicle-
derived auxin [91]. Furthermore, auxin negatively regulates GA-stimulated internode 
elongation in oats (Avena) [92]. In addition to auxin, the positive regulation of internode 
elongation by GA is also inhibited by ABA (Fig.2). In rice, APETALA-2-like transcription factor 
OsAP2-39 stimulates ABA level by promoting ABA biosynthetic gene OsNCED-1. High levels 
of ABA, however, repress OsAP2-39 activities, forming a negative feedback loop. OsAP2-39 
represses GA level either by directly promoting GA deactivation gene EUI or by indirectly 
enhancing ABA that promotes EUI [93]. Moreover, brassinosteroid (BR) inhibits coleoptile 
(internode) elongation by promoting T65d1 in rice [94]. T65d1 is a BR-response gene that 
encodes heterotrimeric G proteins (G-alpha). T65d1 influences BR signaling without being 
involved in BR-meditated perception/transduction [94]. In addition to GA and BR, ethylene 
elongates internodes in deepwater rice [95] and promotes hypocotyl elongation in 
Arabidopsis [96] (Fig.2). However, the ethylene-driven elongation is GA [95] and blue light-
dependent [96]. In rice, SNORKEL1 (SK1) and SNORKEL2 (SK2) regulate deepwater response 
and trigger significant internode elongation via GA [95].  
Interestingly, hormonal regulation of internode elongation is also under the control 
of light (Fig.2). In sunflower, ethylene levels were reduced as the R/FR ratio was lowered 
[97], indicating that R/FR is positively related to ethylene or R/FR promotes ethylene. 
Reduced R/FR ratio or increased FR enrichment significantly stimulates GA1 and auxin levels 
in both internodes and leaves [98], suggesting that R/FR represses GA1 and auxin (Fig.2). 
Reduced red to far-red (R/FR) ratio causes significant elongation of the youngest internode 
in sunflower [98], which is consistent with results that ethylene triggers elongation in rice 
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[95]. The leaf is thought to be the major source of GA1 and auxin for elongating internodes 
[98]. GA and auxin act as growth-effectors to regulate internode elongation when FR is 
increased [98]. Auxin may play an important role in suppressing internode elongation under 
light quality treatments since internode elongation is positively related with auxin levels of 
all internodes under R/FR and white light except blue-light [99]. CK level is significantly 
increased when R/FR ratio is reduced, suggesting that FR stimulates CK level [98] (Fig.2). 
Gene regulation of internode elongation is also under the regulation of light. In maize, tb1 
acts downstream of R/FR but upstream of grassy tiller1 (gt1) in the inhibition of lateral 
branch elongation [67]. FR treatment causes high level of gt1 acculumated in teosinte 
lateral buds, similar increased gt1 transcripts are also found in phytochrome B-1(phyB1) 
sorghum mutant, suggesting that gt1 inhibits lateral buds elongation in the shade avodiance 
pathway through phyB [67] (Fig.2). 
In Arabidopsis, the bop1; bop2 double mutant shows significantly more lateral 
branches, suggesting an inhibitory role of BOP1 and BOP2 on lateral branch numbers in 
continuous light or long-day photoperiods [31] (Fig.2). Neither the bop1; bop2 double 
mutant nor the apetala1 (ap1) single mutant show elongated internodes between 
successive floral organs. However, the bop1; bop2; ap1-1 triple mutant shows elongated 
internodes between first-whorl organs and floral bracts [31], suggesting a syngeristic 
pathway in which BOP1, BOP2 and AP1 are involved to suppresses internode elongation. 
Similarly, the triple mutant bop1; bop2; lfy-2 shows more enhanced internode between 
successive floral organs than the leafy (lfy) single mutant [31], suggesting that BOP1 and 
BOP2 also act with LFY to inhibit internode elongation in a synergistic pathway. In maize, 
tb1 mutants have no significant changes in the length of the main culm and the number of 
nodes, except in axillary branches [10]. Floral transition signaling may coordinate the 
relative position of ear and tassel with the whole plant architecture. Some flowering time 
mutants in maize, like the dominant Lfy1, increase internode numbers below the ear and 
between the ear and the tassel [13].  
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It has been proposed that in maize, the longer shank the more likely the 
inflorescences tend to be staminate, while the shorter shank the more likely the 
inflorescences tend to be pistillate [100]. tb1 mutants show a long, staminate-tipped shank 
while ts1 and 2 and terminal ear1 (te1) mutants show shortened pistillate-tipped main 
stems [101]. On the contrary, interestingly, the GA-related dwarf mutants produce a 
reduced but staminate-tipped, lateral axis [13]. Elongated axillary branches can be female in 
ts2 tb1 double mutant while shortened axillary branch can be male in dwarf tb1 double 
mutants [10], indicating a non-correlation between the length of the axillary branch and the 
sexual identity. The tb1 mutant has a significantly elongated shank and fewer shank nodes 
compared to its heterozygous siblings [10].  
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FIGURE LEGENDS 
Fig.1 Schematic of maize inflorescence development 
(A) Vegetative shoot apical meristem (SAM). 
(B) Developing tassel primordium spike. 
(C) floral meristems forming in spikelets. 
(D) genes in vegetative SAM. 
(E) gene and hormone networks in maize inflorescence development. 
 
Fig.2 Hormone and gene network controlling internode elongation 
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CHAPTER 2.  REGULATION OF MAIZE SHOOT ARCHITECTURE BY TASSELS 
REPLACE UPPER EARS1 
Li W, Vollbrecht E 
ABSTRACT 
Plant shoot architecture has many features including inflorescence sex, branching 
and internode elongation, which is largely controlled by the activities of shoot apical 
meristem (SAM) and axillary meristems (AxM). The pleiotropic maize mutant tassels replace 
upper ears1 (tru1) shows reduced apical dominance with elongated upper shanks tipped by 
lateral tassels and shortened upper stem, altered tassel phenotypes with shortened tassel 
length and branch length, and reduced tassel branch number. To investigate the effect of 
tru1 on shoot architecture, morphological analysis of tru1-ws mutant was performed, 
including treatments of supplemental gibberellic acid (GA3), far red (FR) light and 
decapitation, and genetic interaction tests with ramosa1 (ra1), tasselseed1 (ts1), teosinte 
branched1 (tb1), barren inflorescence2 (bif2), barren stalk1 (ba1), and Dwarf8 (D8) mutants. 
Here, we first report the novel functions of ts1 in tru1-mediated inflorescence branching 
pathway. We found that tru1 acts as a positive growth regulator to promote elongation of 
internodes in the upper main stem (1° axis) and in the tassel, and branching in the tassel, 
but acts as a negative growth regulator to inhibit elongation of internodes in the shank (2° 
axis) and the ear, and determination of male inflorescence sex. Therefore, tru1 functions as 
an integrator of multiple pathways including inflorescence sex and branching, inflorescence 
and internode elongation in regulation of maize shoot architecture. 
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INTRODUCTION 
Plant architecture is a 3D organization of axes, including main and lateral branches, 
and lateral organs. Key features that affect plant architecture, are inflorescence sex, 
inflorescence branching and internode elongation. In maize, for example, the main shoot 
has long internodes tipped by a terminal, branched, male inflorescence called the tassel, 
and has leaves with expanded blade portions. In the axillary shoot, the ear, the tightly 
wrapped leaves have abbreviated blades, and there are several short internodes at the base 
tipped by lateral, essentially unbranched female inflorescences called ears. Plant 
architecture is largely determined by the activities of meristems. In a plant such as maize, 
where there is a single, main shoot, the majority of the plant, including leaves and stem, is 
produced by a single shoot apical meristem (SAM), which enventually converts to an 
inflorescence mersitem (IM) that produces the tassel. Subsequently, the IM initiates less 
determinate branch meristems (BM) that form branches at the base of the central spike and 
then more determinate spikelet pair meristems (SPM) on its flank. The SPM then initiates 
two spikelet meristem (SM), each of the two SM generates two glume primordia (GP) 
before forming a pair of floral meristems (FM), each a tertiary axillary meristem. The 
collection of IM, BM, SM and FM activities produces a tassel. In the vegetative shoot, 
axillary mersitems (AxM) arise in the axil of leaves and the uppermost of these meristems 
will go on to develop a female inflorescence, the ear. Similarly, the ear results from an IM 
and a collection of SM and FM, but no BM, activities. 
Maize shows apical dominance [38, 39] with top one or two axillary branches 
develop into ears while lower branches are progressively reduced. Apical dominance is 
regulated by hormones and genes [29, 30, 31, 32, 33, 34, 35, 36, 37] and environmental 
factors such as low light intensity, or short-day photoperiods [39, 42]. An important 
regulator of apical dominance is IAA (auxin) produced from the young expanding leaves of 
apical bud [38, 45]. Due to the PIN auxin efflux carriers located in the basal plasma 
membrane of stem vascular parenchyma cells, auxin is transported basipetally along the 
stem, where auxin inhibits lateral bud outgrowth[6]. Decapitation in many species induces 
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axillary bud outgrowth due to the withdrawal of an apical auxin source [38, 46]. In 
Arabidopsis, the YUCCA1 (YCC1) encodes a flavin monooxygenase-like enzyme involved in 
tryptophan-dependent auxin biosynthesis. Mutation in YCC1 cause enhanced apical 
dominance phenotype such as long hypocotyls [47,48]. Apical dominance is also regulated 
by light signals. Normal plants show enhanced apical dominance with reduced vegetative 
branching and elongated internode in response to shade, called shade avoidance [40]. tb1 
functions downstream of the shade avoidance pathway mediated by phytochrome B (phyB) 
to supress lateral bud outgrowth [42]. phyB mutants display constitutive shade avoidance 
response, including enhanced apical dominance and increased plant height [41]. Since phyB 
induces lateral branch outgrowth by repressing tb1 expression, the apical dominance is 
enhanced in shade, in which rich FR light or low R:FR represses phyB [41]. 
Inflorescence sex in maize is regulated by abortion of pistil primordia in the tassel 
and cell cycle arrest of male stamens and lower floret in ear. Maize tasselseed (ts) mutants, 
such as ts1 and ts2,  show altered sex with functional pistillate florets in the tassel and 
paired pistillate spikelets in the ear due to the abortion of tassel pistils and the secondary 
ear florets, respectively. Jasmonic acid (JA) plays an important role in sex determination 
since ts1 and ts2 mutants are rescued by applying JA to their tassels. ts1 encodes a plastid-
targeted lipoxygenase and may be involved in JA biosynthesis [22]. ts1 acts upstream of ts2 
in a common biosynthetic pathway since ts2 expression in pistil cells is repressed in ts1 
mutants [23,24]. Gibberellin (GA) plays a role in sex determination by promoting pistillate 
florets and repressing stamen development in the ear. Low GA levels promote staminate 
flower development while high GA levels induce stamen abortion [25]. Therefore, 
application of GA causes a feminized tassel. On the other hand, loss of function GA 
biosynthesis mutants such as the dwarf (d) (d1, d2, d3, d5) [26, 67] and anther-ear1 (an1), 
and GA response mutants such as D8 and D9, are andromonoecious dwarfs (e.g., see Fig.8a) 
with anthers in the ear florets. The dominant D8 and D9 mutants have defects in GA 
response due to an N-terminal deletion of the DELLA repressor protein, which is 
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homologous to Arabidopsis GA-insensitive (GAI) that binds the GA receptor GA insensitive 
dwarf1 (GID1) [28].  
Inflorescence branching in maize is known to be regulated by several genes such as 
the ramosa (ra)1, 2 and 3 genes. In maize, ra2 encodes a putative transcription factor with a 
LATERAL ORGAN BOUNDARIES (LOB) domain, which is expressed at the SAM-SPM boundary. 
LOB domain is highly conserved across grass species [15] and is important for lateral organ 
development [16]. ra2 mutant has smaller branch angels, abnormal mixed spikelets and 
increasingly shorter branches toward the tip of the tassel. Other ramosa members like ra1 
and ra3 share the SAM-SPM boundary with ra2 expression [19]. The ra1 gene encodes a 
transcription factor with a Cys2-His2 zinc finger motif [20] and is expressed after ra2. ra3 
encodes a trehalose-6-phosphate phosphatase (TPP) [21] and together with ra2, acts 
upstream of ra1, imposing determinate fate to the SPM. All of ramosa mutants show 
increased indeterminancy in axillary meristems (e.g., see Fig.6d, g), indicating their functions 
in SPM determinacy. The ts1 encoded lipoxygenase is also expressed at the boundary 
between spikelets and inflorescence axis [22]. All these genes expressed in the boundary 
domains maintain the stem cells in meristems by preventing them from assuming a 
determinate identity. Other genes such as barren inflorescence2 (bif2) and barren stalk1 
(ba1) that are involved in meristem initation, also regulate tassel branching (e.g., see 
Supplementary Fig.1c, 2c). During meristem initation, the auxin efflux facilitator 
PINFORMED1 (PIN1) [6] and the positive regulator of PIN1 polar localization PINOID1 (PID1) 
kinase [7] are required in Arabidopsis. Maize bif2 is PID ortholog, which encodes 
serine/threonine protein kinase regulating auxin transport [8]. bif2 phosphorylates 
ZmPIN1a (PIN1 ortholog) in vitro and regulates its subcellular localization in vivo [9]. 
Mutation in bif2 impairs axillary meristem initiation, resulting in fewer branches, spikelets 
and flowers in both tassel and ear (Supplementary Fig.1c, d), which is similar to ba1 [10] 
(Supplementary Fig.2c, d) and sparse inflorescence1 (spi1) mutants [11]. ba1 encodes a 
basic helix-loop-helix transcription factor and functions downstream of auxin transport [12]. 
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bif2 is expressed in the whole axillary meristems, while ba1 and its rice ortholog lax1 are 
expressed in a boundary region adaxial to the new initiating meristems [8,13].  
Internode elongation is a decisive factor in plant architecture: it determines plant 
height and branch length. The architectures of different species such as pea, deepwater rice, 
teosinte (the maize ancestor) and Arabidopsis, are affected by internode elongation. Factors 
including plant hormones, and environmental factors such as flood [64] and light [41, 42], 
and genes like teosinte branched1 (tb1) in maize [41] and BLADE-ON-PETIOLE1 (BOP1) in 
Arabidopsis [66], regulate internode elongation. In pea, auxin promotes production of 
strigolactones (SL) while limiting that of cytokinins (CK) at bud nodes, which blocks bud 
outgrowth. After decapitation or treatment with NPA (an auxin transport inhibitor), auxin 
and strigolactone supply is lost, whereas cytokinins increase to promote bud growth [65]. 
Similar to maize, stem elongation is promoted by GA in deepwater rice [64]. When plants 
are submerged, O2 pressure is reduced due to submergence, which induces ethylene. 
Ethylene is accumulated in the submerged tissue, which in turn, promotes the breakdown 
of abscisic acid (ABA). ABA is an antagonist of GA, therefore, the endogenous GA level is 
increased, ultimately stimulating internode elongation. The escape strategy of deepwater 
rice is to rise above the water level via fast stem elongation, which is triggered by two 
ethylene-regulated transcription factor genes, SNORKEL1 and 2 [64]. In teosinte, the axillary 
branches are affected by light. More far red light causes shortened bud length. More red 
light, however, represses teosinte branched1 (tb1) gene expression, allowing axillary 
meristems to develop fully into tillers or elongated stems (called shanks) tipped by tassels 
[41]. tb1 expression promotes downstream gene grassy tiller1 (gt1) expression, leading to 
suppression of lateral internode elongation in the shade [42]. In Arabidopsis, internodes 
between successive floral organs in bop1 bop2 mutant are significantly longer than wild-
type plants, suggesting the role of BOP1 and BOP2 in suppressing internode elongation [66].  
In this study, we characterize an altered shoot architecture mutant named tassels 
replace upper ear1 (tru1) (Fig.1b, c). tru1-ws was reported as a recessive allele [63]. The 
tru1-ws mutant has pleiotropic phenotypes including reduced tassel length and tassel 
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branches (Fig.2c, d), reduced apical dominance with upper elongated shanks tipped by 
lateral tassels (Fig.1b, c; 2d; 4b), narrow blades and leafy husks (Supplementary Fig.3), and 
shortened stem length above the topmost ear (Fig.3g, h). Here, we present a detailed 
characterization of tru1 including morphological and developmental analysis of tru1-ws 
mutants. We also show a genetic analysis of the relationship between tru1 and ra1, ts1, tb1, 
bif2, ba1 and D8. We found that tru1 acts as a positive growth regulator to promote upper 
main stem (1° internode) elongation, tassel elongation and tassel branching, but acts as a 
negative growth regulator to inhibit shank (2° internode) elongation, ear elongation and 
male inflorescence sex. Therefore, tru1 functions as an integrator of multiple pathways in 
regulation of maize shoot architecture (Fig.10). 
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RESULTS 
tru1 regulates plant architecture by affecting meristem activities 
 tru1-ws mutants show pleiotropic phenotypes (Fig.1). In strong tru1-ws mutants, the 
axillary branch that would form the upper ear (Fig.1a) is derepressed and transformed to a 
long branch tipped by a staminate inflorescence, giving it the appearance of a tassel (Fig.1b, 
c; 2a). tru1 restricts AxM activities in the elongation of shank and husk leaves, and regulates 
subsequent FM activities in inflorescence identity. Besides, tru1-ws mutant shows 
significantly shortened tassel branches, reduced tassel branch number but increased central 
spike spikelet density (CSD) in tassel (Fig.3b, e), indicating the role of tru1 in modulating BM 
and SPM activities in early developmental stages. Furthermore, tru1-ws mutant shows 
significantly shortened stem above the top ear (Fig.3h) and narrowed blade (Supplementary 
Fig.3) thoughout the plant, revealing the role of tru1 in regulating the activities of SAM that 
produces leaves and stem tissue.  
tru1 inhibits male inflorescence sex 
 In tru1-ws mutants, upper ears with pistillate spikelets are replaced by lateral tassels 
with staminate spikelets (Fig.1c), suggesting that tru1 inhibits male sex of florets in the 
inflorescence. The expressivity of tru1 varies in tru1-ws mutants, causing phenotypic 
variation in the sex of inflorescence in upper axillary branches (Fig.2a). Even in the 
staminate portions of mutant axillaries, however, spikelet density was significantly 
(P<0.0001) higher (e.g., more ear-like) than tassel CSD in the same mutants (Table 1(1)) 
(Fig.3e). Moreover, mutant tassels have slightly increased CSD as compared to normal 
siblings (P<0.01), even though they share a similar central spike length (P=0.14) (Table 1(1)) 
(Fig.3e). These data suggest that tru1 may promote internode elongation in the tassel. We 
also examined row number in lateral inflorescences, and it was similar (P=0.05) in tru1-ws 
mutants with lateral tassels and normal siblings with lateral ears, despite their opposite 
spikelet sex (Table 1(1)). However, the number of spikelet pairs per row (P<0.0001), and 
therefore total spikelet number (P<0.0001), was significantly fewer in tru1-ws mutants than 
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in normal siblings (Table 1(1)), suggesting that tru1 promotes additional cycles of spikelet 
pair initiation in the lateral inflorescence. In summary, in the lateral inflorescence tru1 
inhibits male inflorescence sex without affecting basic architectural elements such as row 
number and spikelet density, but does impact the number of internodes. 
tru1 regulates inflorescence branching 
 In tassels, branch number and the degree of branching are key determinants of 
architecture. tru1-ws mutants have significantly fewer tassel branches than do normal 
siblings (Fig.3e)(Table 1(3)), indicating that tru1 promotes tassel branch initiation.  On the 
other hand, the lateral tassels of tru1-ws mutants are sometimes branched (e.g., 2.3% 
(10/434) of mutants in an A619 backcross (BC1) population), whereas the ears of normal 
siblings are unbranched. These data reveal a potential opposite role of tru1, to inhibit 
branching of the lateral inflorescence. Interestingly, about 13% (5/40) of tru1-ws mutants in 
A619 BC1 background produce bracts in the tassel, another trait not seen in normal siblings 
(0/35), indicating a role of tru1 in bract suppression. Finally, tru1 promotes tassel branch 
elongation because the average length of tassel branches in tru1-ws mutant is significantly 
(P<0.005) shorter than that of normal siblings (Fig.3e)(Table 1(3)). Therefore, tru1 regulates 
architecture within the inflorescence by inhibiting lateral inflorescence branching, 
promoting tassel branching and inhibiting bract outgrowth.  
tru1 regulates inflorescence elongation 
 Reduced tassel branch number in tru1-ws mutants could be explained in part if tru1 
affected the length of the branch zone. In fact, tru1-ws mutants have a significantly shorter 
branch zone (P<0.0005) and peduncle (P<0.0005) than normal siblings (Table 1(1)) (Fig.3e), 
revealing that tru1 promotes tassel elongation. To determine effects of tru1 on growth over 
time, we examined specimens at various days after sowing (DAS), and indexed growth 
relative to heat units (HUs), a common metric for crop plant growth (you need to find a 
REFERENCE for HUs). The growth rate of mutant tassels is always lower than that of normals 
during DAS36-80 (Fig.3f), consistent with the short tassel length of tru1-ws mutants (Fig.3e). 
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The lateral inflorescence of tru1-ws mutants elongates dramatically between DAS51 and 
DAS60, and the highest growth rate reaches 0.1 cm/HU, about 2.5-fold increase of normal 
ones, but drops down between DAS60 and DAS80 to 0.02 cm/HU, about half of normal ones. 
The lateral inflorescence length of tru1-ws mutant is significantly longer than that of normal 
siblings (P<0.0005) (Fig.4b)(Table 1(1)), suggesting tru1 inhibits lateral inflorescence 
elongation. Therefore, tru1 has opposite roles in regulating inflorescence elongation. 
tru1 regulates internode elongation 
 In addition to affecting the inflorescence component of the lateral shoot, tru1 also 
inhibits shank elongation. The top shank of tru1-ws mutants is significantly longer than that 
of normals (Fig.4b) (Table 1(1)). The shank length is related to lateral inflorescence sex 
because in tru1-ws mutants the average length of shanks with lateral tassel is significantly 
greater than that of shanks with ear (Fig.2e). Similarly, the shank length of tru1-ws mutants 
with mixed sex inflorescence is intermediate between that of normal siblings (tru1-ws/+) 
with complete female ear (P<0.0001) and that of the tru1-ws mutant with complete male 
tassel (P<0.005) (Fig.2e) (Table 1(2)). We saw further correlation between shank length and 
branching in mutants when comparing the length of shanks with branched inflorescences vs. 
shanks with unbranched inflorescences. These were similar for the top (1
st
) axillary branch, 
but not for the top-1 (2
nd
) and top-2 (3
rd
) axillary branches, where shanks bearing branched 
lateral tassels were significantly longer than those of unbranched lateral tassels (P<0.0001 
and P=0.02, respectively) (Fig.2f) (Table 1(1)).  
 Compared to normal siblings, tru1-ws mutant has significantly shorter stem length 
above the top ear (P<0.0001) but has a similar (P=0.94) stem node number above the top 
ear (Fig.3h) (Table 1(1)), indicating that the shortened stem length above the top ear in 
tru1-ws mutant is due to the reduced internode elongation above the top ear. Besides, the 
growth rate of the stem length above the top ear of normals is similar (0.02cm/HU) to that 
of tru1-ws mutant during DAS36-60 (Fig.3i), but is elevated after the growth transition and 
reaches 0.16cm/HU, about 2-folds of that of tru1-ws mutant. Furthermore, there is no 
36 
 
significant difference of stem length beneath the top ear between tru1-ws mutant and 
normals (Table 1(1)). Therefore, tru1 promotes apical dominance not only by inhibiting 
lateral branch outgrowth, but also by promoting upper stem elongation. 
Dynamics of inflorescence and internode elongation 
 As the maize shoot may be considered as constructed of repeating units called 
phytomers, each comprised of a leaf, the node at which it inserts, the internode below it, 
and the axillary bud at the base of that internode (Galinat W. C., 1959. The phytomer in 
relation to floral homologies in the American Maydea. Botanical Museum Leaflets, Harvard 
University 19: 1–32) (Fig. 4a), we examined the effects of tru1 on growth of all phytomer 
components. The shank, lateral inflorescence and prophyllum of tru1-ws mutants are 
significantly longer than those of normals (Fig.4b). Husk leaves of tru1-ws mutants are also 
slightly longer than that of normals, but there is no difference in length of sheath, blade and 
internode between tru1-ws mutant and normal sibs (Fig.4b). Thus, tru1 regulates growth of 
all phytomer components. To understand the developmental and temporal context of that 
regulation, we examined lateral branches at various days after sowing (DAS). In non-mutant 
plants, both inflorescence and shank length transitioned into a period of increased growth 
during the DAS51-60 interval (Fig.4d). In contrast, in tru1-ws mutant siblings, inflorescence 
growth showed an up-and-down growth pattern, while shank growth showed a growth 
transition with a lag-exponential growth pattern (Fig.4c). Thus, the relative growth rate of 
the mutant inflorescence is higher than that of shank before growth transition and reaches 
about 3-fold of shank growth rate during the growth transition (Fig.4e). After the growth 
transition, however, the growth rate of inflorescence is decreased while the growth rate of 
shank is elevated to about 6-fold of inflorescence growth rate (Fig.4e). Similar to lateral 
inflorescence and shank, tassel and upper stem show down and up growth pattern, 
respectively (Fig.3f, i). The tassel growth rate of both tru1-ws mutant and normals is 
decreased from about 35-fold higher to 0.5-fold lower than that of upper stem before and 
after growth transition, respectively (Fig.3f, i). During growth transition, however, the 
growth rate of tassel is about 2.4-fold of that of upper stem in tru1-ws mutant, which is 
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lower than 3-fold of that of upper stem in normals. The sequential growth pattern of 
inflorescence and internode in tru1-ws mutants suggests a correlation between 
inflorescence elongation and internode elongation. 
tru1 inhibits male inflorescence sex upstream of ts1  
 In order to investigate whether or not tru1 is directly involved in the sex 
determination pathway, we analyzed ts1; tru1 double mutants. ts1 imposes a male sexual 
fate to florets in the tassel through its encoded lipoxygenase, an enzyme involved in the 
biosynthesis of jasmonic acid [22]. Thus, ts1 mutants have feminized tassels and ears (Fig.5c, 
5d). The ts1; tru1 double mutants (17/17) also have feminized tassels and lateral 
inflorescences (ears) (Fig.5c), suggesting that ts1 is epistatic to tru1, in which case ts1 
functions to inhibit tassel feminization genetically downstream of tru1 (Fig.10). In this 
model, other factors may act within or independent of this pathway to regulate the sexual 
fate of florets in the normal tassel and ear.  
tru1, ts1 and ra1 inhibit lateral inflorescence branching in a convergent pathway 
 Surprisingly, in the ts1; tru1 double mutant the ear that formed on an elongated 
shank was branched (Fig.5d), indicating that the absence of tru1 revealed a novel function 
of ts1 to inhibit lateral inflorescence branching. tru1 inhibits lateral inflorescence branching 
because 2.3% (10/434) tru1-ws mutants in A619 background and 1.3% (2/149) tru1-ws 
mutants in Mo17 background show lateral tassel branches (1-2 branches). Interestingly, half 
(9/17) of the ts1; tru1 double mutants in Mo17 background have branched ears with 2-5 
branches (Fig.5d), significantly more than that of either tru1 (P<0.005) or ts1 single mutants 
(P<0.0005) (Table 1(9)). ts1 single mutants (0/98) in Mo17 background show no lateral 
inflorescence branches. Therefore, ts1 and/or jasmonates and tru1 repress 2° branching in 
ear in a convergent pathway (Fig.10).  
 In addition to the ts1; tru1 double mutants, ra1 mutants also show branched lateral 
ear. In order to test whether tru1 is involved in ra1-mediated pathway in inhibiting axillary 
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inflorescence branching, we crossed tru1-ws mutants to the weak allele ra1-63 mutants to 
make the ra1; tru1 double mutants. Since ra1 encodes a putative transcription factor that 
regulates short branch identity by controlling the fate of 2° meristems [19], ra1 mutation 
causes more 2° branching in lateral tassel of tru1-ws mutants. However, the ra1 single 
mutant does not show significantly increased lateral inflorescence branches compared to 
normals (P=0.16) (Table 1(8)). Interestingly, the ra1; tru1 double mutant shows branched 
lateral tassels, which phenocopies the tassel on the main stem (Fig.6d, h). The ra1; tru1 
double mutant shows significantly more lateral inflorescence branches than that of either 
tru1 single mutant (P<0.0001) or ra1 single mutant (P<0.0001) (Table 1(8)), suggesting that 
ra1 and tru1 suppress lateral inflorescence branching in a convergent pathway (Fig.10). 
Since the strong ra1; tru1 double mutants phenocopy teosinte plants with branched 
lateral tassel, and the ts1; tru1 double mutants show a similar phenotype to the ts2; tb1 
double mutant with a few branches in lateral inflorescence [68], we ask whether tru1 is 
involved in tb1-mediated pathway in inhibiting axillary inflorescence branching. However, 
no branches were found in the lateral tassel of the tb1; tru1 double mutants, suggesting 
that tru1 inhibits lateral inflorescence branching independent of tb1. 
tru1 promotes tassel branching downstream of tb1 and ts1 
Similar to tru1, however, tb1 promotes tassel branching because the tassel branch 
number of tb1 single mutant is significantly (P<0.0001) fewer than that of normals (Table 
1(11)). Interestingly, the tassel branch number of the tb1; tru1 double mutant is significantly 
more than that of tb1 single mutant (P<0.0005) but is similar to that of tru1 single mutant 
(P=0.2) (Table 1(11)), suggesting that tru1 is epistatic to tb1 or tru1 promotes tassel 
branching downstream of tb1 (Fig.10). Since ts1 has significantly more tassel branches than 
normals (P<0.01) (Table 1(9)), ts1 inhibits tassel branching. Besides, the branch number of 
the ts1; tru1 double mutant is similar to that of tru1-ws mutant (P=0.38), but is significantly 
fewer than that of ts1 mutant (P<0.05) (Table 1(9)), suggesting that tru1 is epistatic to ts1 or 
tru1 promotes tassel branching downstream of ts1 (Fig.10). 
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tru1 promotes tassel branching upstream of bif2 and ba1 
                Similar to tb1, both bif2 and ba1 promote tassel branching because both of bif2 
and ba1 mutants show barren tassel with no or occasionally a few tassel branches (Fig. 8c; 
9c) (Table 1(12, 13)). In order to test whether tru1 is involved in bif2- or ba1-mediated 
pathway to promote tassel branching, the bif2; tru1 and the ba1; tru1 double mutants were 
analyzed. Interestingly, both the bif2; tru1 double mutant and the ba1; tru1 double mutant 
resemble the bif2 single mutant (Table 1(12)) and ba1 single mutant (Table 1(13)), 
respectively, suggesting that bif2 and ba1 are epistatic to tru1 or tru1 promotes tassel 
branching upstream of bif2 and ba1 (Fig.10). 
tru1 promotes tassel elongation downstream of ra1 
ra1 promotes tassel elongation because the tassel length of ra1 single mutant is 
significantly (P<0.005) shorter than that of normals (Table 1(8)). Since the tassel length of 
the ra1; tru1 double mutant is similar (P=0.34) to that of tru1 single mutant, but is 
significantly (P<0.01) shorter than that of ra1 single mutant (Table 1(8)), tru1 is epistatic to 
ra1 or tru1 promotes tassel elongation downstream of ra1 (Fig.6e). 
tru1, ts1 and D8 promote tassel elongation in a convergent pathway 
ts1 promotes tassel elongation because the tassel length of ts1 single mutant is 
significantly (P<0.0001) shorter than that of normals (Table 1(9)). Since the tassel length of 
the ts1; tru1 double mutant is significantly shorter than that of either ts1 (P<0.05) or tru1 
(P<0.0001) single mutant (Table 1(9)), tru1 and ts1 promote tassel elongation in a 
convergent pathway. D8 promotes tassel elongation because the tassel length of D8 single 
mutant is significantly (P<0.0001) shorter than that of normals (Table 1(10)). Since the tassel 
length of the D8/+, tru1/tru1 double mutant is significantly shorter than that of either D8/+ 
(P<0.0005) or tru1 (P<0.0001) single mutant (Table 1(10)), tru1 and D8 promote tassel 
elongation in a convergent pathway (Fig.8e). 
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tru1 inhibits lateral inflorescence elongation upstream of ts1 
ts1 promotes lateral inflorescence elongation because the length of lateral 
inflorescence of ts1 single mutant is significantly (P=0.05) shorter than that of normals 
(Table 1(9)). Since the length of lateral inflorescence in the ts1; tru1 double mutant is similar 
(P=0.42) to that of ts1 single mutant, but is significantly (P<0.0001) shorter than that of tru1 
single mutant (Table 1(9)), ts1 is epistatic to tru1 or tru1 inhibits lateral inflorescence 
elongation upstream of ts1 (Fig.10). 
tru1 and ra1 regulates lateral inflorescence elongation in a convergent pathway 
ra1 promotes lateral inflorescence elongation because the length of lateral 
inflorescence is significantly (P<0.001) shorter than that of normals (Table 1(8)). Since the 
length of lateral inflorescence in the ra1; tru1 double mutants is significantly shorter than 
that of either ra1 (P<0.05) or tru1 (P<0.0001) single mutants, tru1 inhibits but ra1 promotes 
lateral inflorescence elongation in a convergent pathway (Fig.10). 
tru1 inhibits shank elongation downstream of tassel signals and tb1 
To investigate whether tru1 is involved in auxin-mediated apical dominance pathway, 
we performed decapitation experiment. In segregating BC1 population in A619 background, 
both tru1-ws mutants and normal siblings were detasseled at DAS54-56 (1020-1056HU), 
which is before growth transition developmental stage DAS60 (1110HU) when the shank 
starts elongation. The length of top branch shank and the internodes above the top ear in 
main stem were measured at maturity (DAS113, 2047HU). Compared to the intact normal 
plants, detasseled normal siblings show significantly elongated shank length (P<0.05), while 
detasseled tru1-ws mutants have similar shank length to the intact tru1-ws mutants (P=0.44) 
(Table 1(15)) (Fig.9a), suggesting that tru1 is epistatic to tassel signals or tru1 inhibits shank 
elongation downstream of tassel signals (Fig.10). Besides, we also test whether tru1 is 
involved in tb1-mediated apical dominance pathway by analyzing the tb1; tru1 double 
mutant. tb1 inhibits shank elongation because the shank length of tb1 single mutant is 
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significantly (P<0.0001) longer than that of normals (Table 1(11)). The shank length of the 
tb1; tru1 double mutant is similar (P=0.76) to that of tru1 single mutant, but is significantly 
(P<0.01) longer than that of tb1 single mutant (Table 1(11)), suggesting that tru1 is epistatic 
to tb1 or tru1 inhibits shank elongation downstream of tb1 (Fig.10).  
tru1 promotes upper stem elongation epistatic to exogenous GA3 
To investigate whether tru1 is involved in gibberellic acid-mediated apical 
dominance pathway, we performed GA3 applied experiment. Exogenous GA3 treatment 
corrects the dwarf phenotype of GA-deficient dwarf mutant d3 by restoring its height [67]. 
d3 mutants was treated with GA3 (100 μg/treatment) twice at DAS15 and DAS70 before and 
after tassel had emerged, respectively [67]. In this study, the stem length above top ear of 
normals with GA3 once treatment (35 μg/treatment) at DAS45 before tassel emergence is 
significantly (P<0.05) longer than that of normal controls, but the average stem length of 
normals with GA3 twice treatment at DAS45 and DAS47 before tassel emergence is 
significantly (P<0.05) shorter than that of normal controls. Besides, both of stem length 
(P<0.05) and average stem length (P<0.01) of normals with GA3 once treatment is 
significantly longer than those of normals with GA3 twice treatment (Table 1(14)). Therefore, 
low level GA3 promotes but high level GA3 inhibits the elongation of stem above the top ear. 
Compared to tru1-ws mutant controls, however, there is no significant difference of stem 
length and average stem length above the top ear of tru1-ws mutants after GA3 treatment, 
suggesting that tru1 is required in stem elongation above the top ear in response to GA3 or 
tru1 is epistatic to exogenous GA3 (Table 1(14)).  
tru1 promotes upper stem elongation upstream of D8 
To investigate whether tru1 is involved in GA signaling pathway to regulate stem 
elongation, we analyzed the D8; tru1 double mutant. D8 promotes stem elongation above 
top ear because D8/+ mutant has significantly reduced stem length (P<0.0001) and average 
stem length (P<0.0001) compared to those of normals (Table 1(10)) (Fig.8g). The stem 
length (P=0.91) and average stem length (P=0.44) above the top ear of D8/+, tru1/tru1 
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mutant are similar to those of D8/+ mutant, but are significantly (P<0.001) shorter than 
those of tru1 single mutant (Table 1(10)), suggesting that D8 is epistatic to tru1 or tru1 
promotes stem elongation above top ear upstream of D8 (Fig.10). 
tru1 and ra1 promote upper stem elongation in a convergent pathway 
In addition to D8, ra1 also stimulates stem elongation above top ear because ra1 
single mutant has significantly shorter stem length (P<0.0001) and average stem length 
(P<0.0001) above top ear than that of normals  (Table 1(8)). The ra1; tru1 double mutant 
has significantly shorter stem length and average stem length above the top ear than those 
of both ra1 single mutant and tru1 single mutant (Table 1(8)). Therefore, tru1 and ra1 act in 
a convergent pathway to promote stem elongation above top ear (Fig.10).  
Correlation between lateral inflorescence sex, branching and shank elongation 
The inflorescence of tru1-ws mutants varies from ear with staminated tip to the 
mixed sex inflorescence with both staminate spikelets and pistillate skielets, to completely 
male lateral tassel (Fig.2a). In the 17 ra1; tru1 double mutants (Fig.6h), sex correlates to 
branching (P=0.0365), which means feminized inflorescence correlates to few branching, 
while masculinized inflorescence correlates to more branching. However, the cause-effect 
relationship between sex and branching is unclear.  
tru1-ws mutants show staminate spikelets (Supplementary Fig.4i,j) and normal 
siblings show pistillate spikelets (Supplementary Fig.4k,l) at DAS51, when the shank is not 
significantly elongated (Fig.4e). Besides, the relative growth rate (percentage of tru1-ws/+) 
of inflorescence in tru1-ws mutant is higher and lower than that of shank before and after 
the growth transition (DAS51-60), respectively (Fig.4e). The up-and-down growth pattern of 
inflorescence and the lag-log growth pattern of shank in tru1-ws mutants suggests the 
correlation between inflorescence elongation and shank elongation. Since ts1 promotes 
inflorescence maleness and lateral inflorescence elongation (Fig.10), and sex determination 
of flort fates is complete before lateral inflorescence elongation (Supplementary Fig.4k,l), 
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sex correlates to shank elongation. Moreover, the tru1-ws mutants with mixed sex 
inflorescence show intermediated shank length supports the proposed correlation between 
inflorescence sex and shank elongation (Fig.2e) (Table 1(2)). In the ra1; tru1 double mutant, 
there is a weaak correlation between sex and shank elongation. In the ts1; tru1 double 
mutants, however, the correlation between sex and shank elongation can not be 
investigated since the ts1; tru1 double mutants show branched ear, and lateral 
inflorescence branching correlates to shank elongation.  
Interestingly, the branched tru1-ws mutants have a significantly longer shank length 
than the unbranched tru1-ws mutants do, especially in the second lateral branch (Fig.2f), 
suggesting that lateral inflorescence branching may relate to shank elongation. In the 17 ra1; 
tru1 double mutants (Fig.6h), there is a significant correlation between lateral inflorescence 
branching and shank elongation (P=0.0064). The mutants with more lateral inflorescence 
branches tend to have long shanks. However, this correlation seems to be absent in the ts1; 
tru1 double mutants since the shank length of branched ts1; tru1 double mutant is similar 
to that of unbranched ts1; tru1 double mutant (branched ts1; tru1=43.2 ± 6.9 cm, n=9; 
unbranched ts1; tru1=48.1 ± 10.9 cm, n=8; P=0.27). Therefore, the correlation between 
lateral inflorescence branching and shank elongation is sex dependent.  
Model for tru1 in the regulation of maize shoot architecture 
tru1 act as an integrator of multiple pathways such as male inflorescence sex, 
inflorescence branching, inflorescence elongation, and internode elongation, which regulate 
maize shoot architecture (Fig.10). In male inflorescence sex pathway, tru1 inhibits male 
inflorescence sex upstream of ts1. In inflorescence branching pathway, tru1 is epistatic to 
tb1 and acts upstream of bif2 and ba1 in promoting tassel branching. Besides, tru1, ts1 and 
ra1 inhibit lateral inflorescence branching in a convergent pathway. In inflorescence 
elongation pathway, tru1 is epistatic to ra1 to promote tassel elongation, and tru1 inhibits 
lateral inflorescence elongation upstream of ts1. In internode elongation pathway, tru1 
inhibits shank elongation downstream of tb1 but promotes stem elongation upstream of D8. 
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DISCUSSION 
tru1 regulates apical dominance 
In tru1-ws strong mutant, axillary branches are transformed from short shank tipped 
by ear to elongated shank tipped by lateral tassel, suggesting that tru1 enhances apical 
dominance from main stem over 1° lateral branches by inhibiting lateral branch outgrowth. 
However, the lateral branch initation regulated by ba1 is epistatic to the lateral branch 
elongation regulated by tru1 because the ba1; tru1 double mutant resembles the ba1 single 
mutant phenotype with no lateral branches (Supplementary Fig.2d) (Table 1(12)). The ba1 
single mutant shows barren stalk with no lateral branches, indicating that ba1 is required 
for lateral branch initation [12], which is eariler than shank elongation. Besides, tb1 is 
epistatic to tru1 in tiller initation because the tb1; tru1 double mutants resemble tb1 single 
mutants with many tillers, while tru1-ws mutant has no or a few tillers(Fig.7a, b) (Table 
1(11)). 
tru1 promotes apical dominance of the main stalk over the 1° lateral branches, but 
suppresses apical dominance of the 1° lateral branches over the 2° and 3° branches. The top 
lateral branches (1°) of tru1-ws mutants (at DAS61, 1173HU) show enhanced apical 
dominance over the following secondary (2°) and third (3°) order branches, resulting in 
significantly (P<0.0001) fewer 2° and 3° ears than normal siblings (Supplementary Fig.5a,b), 
which is similar to the top-1 lateral branches (Supplementary Fig.5f, g) (Table 1(5)). 
However, the subsequent lower lateral branches from top-2 to top-4 show no significant 
difference in the number of 2° order branches between tru1-ws mutants and normal 
siblings (Supplementary Fig.5c, d, e, h, i, j) (Table 1(5)). No 2° order branches are found in 
the lateral branches lower than top-1 in either tru1-ws mutants or normal siblings 
(Supplementary Fig.5k). The enhanced apical dominance of the 1° branches over the 2° and 
3° branches in tru1-ws mutants indicates that tru1 directly or indirectly promotes the 
initation of 2° and 3 order axillary branches in upper lateral branches. 
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Interestingly, both tru1 and ts1 promote 2° lateral branch initation since about 94% 
(47/50) ts1; tru1 double mutants and 92% (108/117) ts1 single mutants in Mo17-3 
background show no 2° lateral branch. Also, tb1 promotes 2° lateral branch initation since 
tb1 single mutant shows significantly (P<0.01) fewer 2° lateral branch number than that of 
normals (Fig.7a, b) (Table 1(11)). The 2° lateral branch number of the tb1; tru1 double 
mutant is significantly fewer than that of tru1 single mutant (P<0.05), but is similar to that 
of tb1 single mutant (P=0.51) (Table 1(11)), suggesting that tb1 is epistatic to tru1 or tru1 
promotes 2° lateral branch initation upstream of tb1 (Fig.10). tb1 single mutants 
occasionally (4/46=8.7%) show masculinized 2° lateral inflorescence branch, while tru1-ws 
mutants (Fig.7b) tend to show 2°ears, suggesting different mechanisms in regulating the sex 
of 2° axillary inflorescneces. The 2° axillary masculinized inflorescences were also observed 
in D8/+, tru1/tru1 double mutants (14/39) (Fig.8d). The upper 2° lateral inflorescences of 
D8/+, tru1/tru1 double mutants are usually masculinized, which are closer to the 1° 
masculinized inflorescence, while the lower 2° ones tend to be feminized inflorescences at 
the base of the 1° lateral inflorescences. Therefore, tru1 regulates 2° lateral inflorescence 
sex sensitive to altered GA signaling. 
tru1 is regulated by light signals 
In A619 BC1 population, about 0.6% (3/464) tru1-ws mutants with severe tru1 
phenotype (Fig.1c), top four lateral tassels on elongated shanks, was usually found in open 
place such as the beginning or the end of rows. However, about 13% (60/464) tru1-ws 
mutants with weak phenotype, ears with staminate tip on slightly elongated shanks (Fig.2a), 
was usually found in the middle of rows, suggesting a shade avoidance response in tru1-ws 
mutants. Therefore, tru1 has an expressivity of  87% (404/464) for strong tru1 phenotype, 
which may explain the 42% (2224/5259) phenotypic ratio of tru1-ws mutants in A619 BC1 
population at different locations in Iowa in three years (2007-2009). Besides, photoperiod 
affects plant branching. In long-day plant pea, decreasing photoperiod increases branching, 
which is assoicated with delayed flowering [43]. Interestingly, short-day photoperiods could 
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promote lateral tassel branching in tru1-ws mutants (from Dr. William F. Sheridan’s 
unplublished data). Therefore, tru1 is sensitive to light signals. 
In order to test the shade avoidance response, supplemental FR was performed. The 
seedling height and bud length in normals (tru1-ws/+) with FR light treatment is similar 
(P=0.56) to those of normal controls, partly due to the weak shade avoidance response [41] 
in maize (Table 1(6)). In tru1-ws mutants with supplemental FR, the seedling height (P=0.26) 
and bud length (P=0.62) are similar to those of tru1-ws mutant controls (Table 1(6)). 
However, the length of buds of tru1-ws mutants is significantly (P<0.05) longer than that of 
normal siblings at DAP10 (Supplementary Fig.6a) (Table 1(6)), suggesting that the timing of 
tru1 in repressing lateral branch outgrowth is no later than DAP10. Interestingly, the second 
sheath length of heterozygous plants with supplemental FR light is significantly (P<0.0005) 
longer than that of controls (Supplementary Fig.6b) (Table 1(7)), revealing the regulation of 
sheath growth by light signals. However, the second sheath length of tru1-ws mutants with 
supplemental FR light is not significantly (P=0.16) triggered compared to controls (Table 
1(7)), suggesting the role of tru1 in promoting sheath growth in response to light signals. 
Also, the first sheath length of either tru1 (P=0.4) or heterozygous plants (P=0.9) is not 
significantly  changed with supplemental FR light (Table 1(7)), indicating that the timing of 
tru1 in response to light signals no later than DAP8. The stimulated growth of sheath by FR 
light could be decelerated by appropriate light conditions, because there is no significant 
difference of sheath length between tru1-ws mutants and normal siblings at maturity. The 
function of tru1 in regulation of sheath growth in response to lights at eariler 
developmental stage (DAP8) remains unknown. 
tru1 serves as an integrator of multiple pathways to regulate maize shoot architecture 
The maize TCP transcription factor tb1 act as an integrator of hormonal and 
environmental signals and is expressed in AxM, which is consistent with its function in 
suppressing the lateral branch outgrowth. Other members of TCP family including rice 
FINECULM1 (FC1), and the Arabidopsis BRANCHED (BRC1) genes are involved in the 
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interaction of auxin, SL and CK [37]. In rice, the expression of FC1, or OsTB1, functions 
downstream of SLs pathway and is negatively regulated by CK [37]. Since tru1 functions 
downstream of tb1 to inhibit shank elongation in maize (Fig.10), tru1 expression may be 
regulated by SLs or CK directly or indirectly. CK is negatively regulated by auxin in the main 
stem, which imposes apical dominance indirectly by repressing CK level at the node or in 
the roots. The apical auxin from the tassel signals may repress CK level, and the amount of 
CK entered the bud may regulates the degree of lateral bud outgrowth. Interestingly, tru1 
inhibits shank elongation downstream of tassel signals, which is independent of bif2-
mediated polar auxin transport pathway (Fig.10)(Table 1(12)). However, tru1 promotes 
shank node upstream of bif2 since the shank node number of the bif2; tru1 double mutant 
is significantly (P<0.05) fewer than that of tru1 single mutant, but is similar (P=0.16) to bif2 
single mutant (Fig.10) (Table 1(12)). The shank node number of bif2 single mutant is 
significantly (P<0.01) fewer than that of normals (Table 1(12)). tru1 serves as an integrator 
of multiple pathways to regulate maize shoot architecture since tru1 integrates 
inflorescence sex, inflorescence branching, inflorescence elongation and internode 
elongation pathways. The correlation between them could be elucidated by the cloning of 
tru1 and tru1 expression in a temporal and spatial manner. 
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METHODS 
Genetic Materials 
  tru1-ws, ts1- Alex and tb1-ref were obtained from the Maize Genetics Coop Stock Center. ba1-IL was 
obtained from Dr. Robert J. Schmidt and Dr. Andrea Gallavotti. bif2-1606 was obtained from Dr. Paula 
McSteen. D8-N1591 was obtained from Dr. Philip Becraft. 
Phenotypic Characterization 
Measurement of shank length, inflorescence length, shank node number, central spike length, branch 
zone length, tassel branch length and number, internode length (above and beneath top ear) and internode 
number was performed on field-grown plants at maturity in Ames, IA. The plants were genotyped as tru1 
heterozygous or homozygous using our designed IDP markers GDB172F and GDB164R (Table S1). Shank length 
was measured as the distance from the shank node closest to the ear to the point where the branch 
originated on the main stem. Inflorescence length was measured as the distance from the tip of the 
inflorescence to the based of the inflorescence (last spikelet). Internode length above top ear was measured 
as the distance from the closest node to tassel peduncle to the point where the top lateral branch originated 
on the main stem. Internode length beneath top ear was measured from the top lateral branch node to the 
surface of soil. Heterozygous tru1-ws/+ plants and homozygous tru1-ws/tru1-ws mutants in A619 BC1 
population were harvested at different developmental stages (DAS36, 51, 60 and 80) and measured. Growth 
rates were calculated by the difference of tissue length (cm) between two different developmental stages 
divided by heat unit (HU). Heat unit was calculated based on the data obtained from 
http://mesonet.agron.iastate.edu. 
Double Mutant Analysis 
All plants from populations that segregate tru1 double mutants were genotyped for tru1 with the IDP 
markers GDB172F and GDB164R (Table S1). Each double mutant family was scored, and chi-square analysis 
failed to reject the segregation ratio expected (Table S2). Probability values were determined using Student’s 
two-tailed t tests. 
To construct double mutants between ra1 and tru1, plants homozygous for ra1-63 in A619-4 were 
crossed by plants homozygous for tru1-ws in A619-3 and backcrossed to ra1-63 in A619-4. ra1 single mutants 
were identified by more tassel branch phenotype and selfed. ra1; tru1 double mutants (Table S2-1a) were 
genotyped for tru1-ws with primers as previously described (Table S1). In this study, we used tru1 A619 
backcross population as a control. Plants homozygous for tru1-ws were crossed to A619 inbred and then 
49 
 
backcrossed to plants homozygous for tru1-ws. tru1 single mutants were identified by lateral tassel phenotype 
(Table S2-1b). 
To construct double mutants between ts1 and tru1, plants homozygous for ts1- Alex in Mo17-3 were 
crossed by plants homozygous for tru1 in Mo17-2 and selfed. The segregated ts1 single mutants and tru1 
single mutants were identified by feminized tassel and lateral tassel, respectively, and were sib crossed. ts1; 
tru1 double mutants were identified by feminized tassel and branched ear (Table S2-2). 
To construct double mutants between tb1 and tru1, plants homozygous for tb1-ref in B73 were 
crossed by plants homozygous for tru1-ws in tru1-ws background and backcrossed to plants homozygous for 
tru1-ws. Segregated tru1 single mutants were identified by lateral tassel and selfed. tb1; tru1 double mutants 
(Table S2-3a) were genotyped for the tb1-ref with primer tb10F and tb10R (Table S1). In this study, we used 
tb1 backcross population as a control. Plants homozygous for tb1-ref were crossed to B73 inbred and then 
backcrossed to plants homozygous for tb1-ref. tb1 single mutants were identified by tiller phenotype (Table 
S2-3b). 
To construct double mutants between bif2 and tru1, plants homozygous for bif2-1606 in A619-4 were 
crossed by plants homozygous for tru1-ws in A619-3 and selfed. bif2; tru1 double mutants (Table S2-4) were 
genotyped for bif2-1606 with primers Bif2F and BifR and for normal siblings with primers Bif3F and BifR (Table 
S1). Besides, bif2; tru1 double mutants were confirmed by barren tassel and elongated lateral banch 
phenotype. 
To construct double mutants between ba1 and tru1, plants homozygous for ba1-IL in A619 were 
crossed by plants homozygous for tru1-ws in A619-3 and selfed. ba1; tru1 double mutants (Table S2-5) were 
identified by barren stalk and barren tassel phenotype and were genotyped for tru1-ws with primers as 
previously described (Table S1). 
To construct a population that segregates the D8/+, tru1/tru1 double mutants, plants homozygous 
for D8-N1591 were crossed by plants homozygous for tru1-ws in tru1-ws background and backcrossed to 
plants homozygous for tru1-ws. The segregated D8/+, tru1/tru1 class (Table S2-6a) was genotyped and selfed 
to obtain the D8; tru1 double mutants (Table S2-6b). Plants were genotyped for the D8-N1591 with primers 
d8F and d8R (Table S1). Both genotyped D8/+, tru1/tru1 and D8; tru1 double mutants were confirmed by 
measuring height and lateral tassel phenotype at maturity.  
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Detasseling and GA3 treatment 
For detasseling, plants from tru1 A619 backcross population were divided into two groups. One group 
was detasseled at DAS54-56 (1020-1056HU), the other group was used as control. Each group segregates 
homozygous tru1-ws/tru1-ws mutants and heterozygous tru1-ws/+ plants as 1:1 (Table S2-7). Gibberellic Acid, 
GA3 (Sigma) (137.5 μg/mL) was sprayed (125 μL/spray) into the apical leaf whorl of plants before tassel had 
emerged. About 35 μg GA3 was applied per treatment (spray twice). Plants from tru1 A619 BC1 population 
were divided into three groups. Group one was treated with GA3 once at DAS45 (968HU). Group two was 
treated with GA3 twice at DAS45 and DAS47 (1014HU), respectively. Group was used as control. Each group 
segregates homozygous tru1-ws/tru1-ws mutants and heterozygous tru1-ws/+ plants as 1:1 (Table S2-8). The 
length of top branch shank and inflorescence, the length of internodes above and beneach top ear in the main 
stem were measured at DAS120. 
Supplemental FR light 
Seedlings were grown in 50-mL tubes and were arranged at a seedling density of 900 m
-2
 for no 
density shading . At DAS7, uniform seedlings were selected and separated into two groups. One group was 
treated with supplemental FR (FR, DAS8) while the other group was grown as control (control, DAS8). 
Supplemental FR started at DAS8 using FR light-emitting diode arrays and continued for the next 2 days 
(DAS10) before seedling height, bud length and sheath length were measured.  
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FIGURE LEGENDS 
Fig.1 tru1-ws mutant phenotype 
(a) wild-type (tru1-ws/+) plant 
(b) tru1-ws mutant elongated shank with terminal tassel 
(c) Severe tru1-ws mutant sensitive to planting density. Top four lateral tassels in severe 
tru1-ws mutant in A619 BC1 background. The tru1-ws mutant bears no tillers. 
 
Fig.2 Inflorescence sex and branching 
(a) The expressivity of tru1 varies in tru1-ws mutants in A619 BC1 background at maturity. 
(b) Branched lateral tassel in tru1-ws mutants in A619 BC1 background at DAS51 (955HU). 
Bar=1mm. 
(c) Close-up of (b). 
(d) Branched lateral tassel in tru1-ws mutants in A619 BC1 background at maturity. 
(e) Shank length of female, mixed sex and male lateral inflorescence at maturity. 
(f) Shank length of unbranched (424) and branched (10) homozygous tru1-ws/tru1-ws 
mutants in A619 BC1 population at maturity. DAS, days after sowing. *t test, P<0.05; **t 
test, P<0.005; ***t test, P<0.0005. 
 
Fig.3 Tassel morphology 
(a) tru1-ws tassel with shortened tassel branches.  
(b) Close-up of tru1-ws shortened tassel branches (arrowheads).  
(c) Wild-type (tru1/+) tassel.  
(d) Close-up of normal tassel branches.  
(e) Comparison of length and number of tassel components between heterozygous tru1-
ws/+ plants and homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at maturity. 
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The scale to the left (cm) is for length, whereas the scale to the right (number) is for number. 
DAS, days after sowing.  
(f) The growth rate of tassel length between heterozygous tru1-ws/+ plants and 
homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at three different 
developmental stages (DAS36-51, DAS51-60 and DAS60-80). The scale to the left (cm/HU) is 
for growth rate. Growth rate was calculated by cm per heat unit (HU). 
(g) Schematic diagram of heterozygous tru1-ws/+ plant and homozygous tru1-ws/tru1-ws 
mutant in A619 BC1 population. Dot lines label the top ear and the top stem node position. 
(h) Comparision of internode (above top ear) length between heterozygous tru1-ws/+ 
plants and homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at maturity.  
(i) The growth rate of internode (above top ear) between heterozygous tru1-ws/+ plants 
and homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at three different 
developmental stages (DAS36-51, DAS51-60 and DAS60-80). The scale (cm/HU) is for 
growth rate. Growth rate was calculated by cm per heat unit (HU).  
Data are presented as means ± s.e. Error bars represent SE of 25 for tru1-ws/tru1-ws 
mutants and 18 for tru1-ws/+ plants. Star(*) represents significant difference between tru1-
ws/tru1-ws mutants and tru1-ws/+ plants. *t test, P<0.05; **t test, P<0.005; ***t test, 
P<0.0005; ****t test, P<0.0001. Delta (∆) represents significant difference in tru1-ws 
genetic background only. ∆= t test, P<0.01; ∆∆= t test, P<0.001. 
 
Fig.4 Phytomer morphology  
(a) Schematic diagram of phytomer components (internode, sheath, blade, shank, 
prophyllum, husk and inflorescence).  
(b) Comparison of length of phytomer components between heterozygous tru1-ws/+ and 
homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at maturity. Data are 
presented as means ± s.e. Error bars represent SE of 25 for tru1-ws/tru1-ws mutants and 18 
for tru1-ws/+ plants. Star(*) represents significant difference between tru1-ws/tru1-ws 
mutants and tru1-ws/+ plants. *t test, P<0.05; **t test, P<0.005; ***t test, P<0.0005; ****t 
test, P<0.0001.  
(c) Growth rates of shank and inflorescence in tru1-ws/tru1-ws mutants at different 
developmental stages (DAS36-51, DAS51-60 and DAS60-80). 
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(d) Growth rates of shank and inflorescence in tru1-ws/+ mutants at different 
developmental stages (DAS36-51, DAS51-60 and DAS60-80).  
(e) Relative growth rate of shank and inflorescence in tru1-ws mutant (% of tru1-ws/+) at 
different developmental stages (DAS36-51, DAS51-60 and DAS60-80). DAS, days after 
sowing. Growth rate was calculated by cm per heat unit (HU). 
 
Fig.5 Genetic interaction between tru1 and ts1 
(a) Adult plants of some genetic classes of an F2 family segregating for tru1 and ts1. 
(b) Schematic diagram of (a). 
(c) Mature tassels of some genetic classes of an F2 family segregating for tru1 and ts1. 
(d) Mature ears of some genetic classes of an F2 family segregating for tru1 and ts1. Arrow 
in inset points to branch in lateral inflorescence. 
(e) Comparison of tassel branch number of F2 segregating plants (ts1/ts1, tru1/+; ts1/ts1, 
tru1/tru1; ts1/+, tru1/tru1) at maturity. 
(f) Comparison of lateral inflorescence branch number of F2 segregating plants (ts1/ts1, 
tru1/+; ts1/ts1, tru1/tru1; ts1/+, tru1/tru1) at maturity. 
 
Fig.6 Genetic interaction between tru1 and ra1 
(a) Adult plants of some genetic classes of a BC1 family segregating for tru1 and ra1. 
(b) Schematic diagram of (a). 
(c) Mature tassels of some genetic classes of a BC1 family segregating for tru1 and ra1. 
(d) Mature lateral inflorescences of some genetic classes of a BC1 family segregating for 
tru1 and ra1. 
(e) Comparison of tassel length of BC1 segregating plants (ra1/ra1, ±tru1/+; ra1/ra1, 
tru1/tru1; +/+, tru1/tru1) at maturity. 
(f) Comparison of shank length of BC1 segregating plants (ra1/ra1, ±tru1/+; ra1/ra1, 
tru1/tru1; +/+, tru1/tru1) at maturity. 
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(g) Comparison of lateral inflorescence branch number of BC1 segregating plants (ra1/ra1, 
±tru1/+; ra1/ra1, tru1/tru1; +/+, tru1/tru1) at maturity. 
(h) Mature lateral inflorescences of 17 ra1; tru1 double mutants. 
 
Fig.7 Genetic interaction between tru1 and tb1 
(a) Adult plants of some genetic classes of an F2 family segregating for tru1 and tb1. 
(b) Schematic diagram of (a). 
(c) Mature tassels of some genetic classes of an F2 family segregating for tru1 and tb1. 
(d) Mature lateral inflorescences of some genetic classes of an F2 family segregating for tru1 
and tb1. 
(e) Comparison of tassel branch number of F2 segregating plants (tb1/tb1, +/+; tb1/tb1, 
tru1/tru1; +/+, tru1/tru1) at maturity. 
(f) Comparison of lateral inflorescence length of F2 segregating plants (tb1/tb1, +/+; tb1/tb1, 
tru1/tru1; +/+, tru1/tru1) at maturity. 
(g) Comparison of shank length of F2 segregating plants (tb1/tb1, +/+; tb1/tb1, tru1/tru1; 
+/+, tru1/tru1) at maturity. 
 
Supplementary Fig.1 Genetic interaction between tru1 and bif2 
(a) Adult plants of some genetic classes of an F2 family segregating for tru1 and bif2. 
(b) Schematic diagram of (a). 
(c) Mature tassels of some genetic classes of an F2 family segregating for tru1 and bif2. 
(d) Mature lateral inflorescences of some genetic classes of an F2 family segregating for tru1 
and bif2. Inset pic is close-up of lateral inflorescence of the bif2; tru1 double mutant.  
(e) Comparison of tassel branch number of F2 segregating plants (bif2/bif2, +/+; bif2/bif2, 
tru1/tru1; +/+, tru1/tru1) at maturity. 
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Supplementary Fig.2 Genetic interaction between tru1 and ba1 
(a) Adult plants of some genetic classes of an F2 family segregating for tru1 and ba1. 
(b) Schematic diagram of (a). 
(c) Mature tassels of some genetic classes of an F2 family segregating for tru1 and ba1. 
(d) Mature lateral inflorescences of some genetic classes of an F2 family segregating for tru1 
and ba1. 
(e) Comparison of tassel branch number of F2 segregating plants (ba1/ba1, tru1/+; ba1/ba1, 
tru1/tru1; +/+, tru1/tru1) at maturity. 
 
Fig.8 Genetic interaction between tru1 and D8 
(a) Adult plants of some genetic classes of an F2 family segregating for tru1 and D8. 
(b) Schematic diagram of (a). 
(c) Mature tassels of some genetic classes of an F2 family segregating for tru1 and D8. 
(d) Mature lateral inflorescences of some genetic classes of an F2 family segregating for tru1 
and D8. Inset pic is close-up of lateral inflorescence of the D8/+, tru1/tru1 double mutant. 
(e) Comparison of tassel length of F2 segregating plants (D8/+, tru1/+; D8/+, tru1/tru1; 
D8/D8, tru1/tru1) at maturity. 
(f) Comparison of inflorescence length of F2 segregating plants (D8/+, tru1/+; D8/+, 
tru1/tru1; D8/D8, tru1/tru1) at maturity. 
(g) Comparison of internode (above top ear) length of F2 segregating plants (D8/+, tru1/+; 
D8/+, tru1/tru1; D8/D8, tru1/tru1) at maturity. 
 
Fig.9 Detasseling and GA treatment 
(a) Comparison of shank length before and after detasseling. 
(b) Comparison of internode (above top ear) length before and after GA treatment. 
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Fig.10 Model for tru1 in the regulation of maize shoot architecture 
 
Supplementary Fig.3 Leaf morphology 
Comparison of length (L) and width (W) of blade between heterozygous tru1-ws/+ and 
homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at maturity. Data are 
presented as means ± s.e. Error bars represent SE of 25 for tru1-ws/tru1-ws mutants and 18 
for tru1-ws/+ plants. *t test, P<0.05; **t test, P<0.005; ***t test, P<0.0005. 
 
Supplementary Fig.4 Lateral branch (1°) morphology 
(a) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS51 (955HU).  
(b) Close-up of (a). 
(c) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS51 
(955HU). 
(d) Close-up of (d). 
(e) Top-1 ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS51 (955HU). 
(f) Close-up of (e). 
(g) Top-1 ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS51 
(955HU). 
(h) Close-up of (g). 
(i) Top-2 ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS51 (955HU). 
(j) Close-up of (i). 
(k) Top-2 ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS51 
(955HU). 
(l) Close-up of (k). 
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(m) Comparison of shank and inflorescence length of top, top-1 and top-2 lateral branches 
between heterozygous tru1-ws/+ and homozygous tru1-ws/tru1-ws mutants in A619 BC1 
population at DAS80. 
(n) Comparison of shank and inflorescence length of top, top-1 and top-2 lateral branches 
between heterozygous tru1-ws/+ and homozygous tru1-ws/tru1-ws mutants in A619 BC1 
population at DAS60. 
(o) Comparison of shank and inflorescence length of top, top-1 and top-2 lateral branches 
between heterozygous tru1-ws/+ and homozygous tru1-ws/tru1-ws mutants in A619 BC1 
population at DAS51. 
Data are presented as means ± s.e. Error bars represent SE of 25 for tru1-ws/tru1-ws 
mutants and 18 for tru1-ws/+ plants. DAS, days after sowing. Bar=600μm. 
 
Supplementary Fig.5 Lateral branch (2° and 3°) morphology 
(a) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS61 (1173HU). 
(b) Top-1 ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS61 (1173HU). 
(c) Top-2 ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS61 (1173HU). 
(d) Top-3 ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS61 (1173HU). 
(e) Top-4 ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS61 (1173HU). 
(f) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS61 
(1173HU). 
(g) Top-1 ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS61 
(1173HU).  
(h) Top-2 ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS61 
(1173HU). 
(i) Top-3 ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS61 
(1173HU). 
(j) Top-4 ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS61 
(1173HU). 
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(k) Comparison of number of the 2° and 3° lateral branches of upper five lateral branches 
between heterozygous tru1-ws/+ and homozygous tru1-ws/tru1-ws mutants in A619 BC1 
population at DAS61 (1173HU). DAS, days after sowing. Data are presented as means ± s.e. 
Error bars represent SE of 25 for tru1-ws/tru1-ws mutants and 18 for tru1-ws/+ plants. 
Bar=600μm. 
 
Supplementary Fig.6 Effect of supplemental FR light on bud outgrowth and sheath growth 
(a) Length of buds in the first leaf axil of tru1-ws/tru1-ws and tru1-ws/+ at DAS10 without 
supplemental FR light (control) and with supplemental FR light for 2 d starting at DAS8. 
Error bars represent SE of bud length of 11 or 12 seedlings.  
(b) Length of top two sheath of tru1-ws/tru1-ws and tru1-ws/+ at DAS10 without 
supplemental FR light (control) and with supplemental FR light for 2 d starting at DAS8. 
Error bars represent SE of sheath length of 6 seedlings. DAS, days after sowing. ***t test, 
P<0.0005. 
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Table 1 Mological data 
See excel file 
 
Table S1 List of primers used 
Primer name  Primer type   Primer sequence (5' to 3') 
d8F  SNP   TGGTGGGCGGAGGATTTCTAACTG 
d8R  SNP   CCATATCCGACGAACGCACCTTG 
GDB172F  IDP   AAGAGAGGGGCCTGACGTTC 
GDB164R  IDP   CCTGCTCGGTTTCTTTGCTAGTG 
tb10F  SNP   TGTACCGCAAGGCTTAGGATAAAC 
tb10R  SNP   GGCACCGATGATATTTCGCTTAG 
Bif2F  IDP   TTTTGTATTTACGGTCGTTGC 
Bif3F  IDP   GCGATGAAGGTGGTGGAC 
BifR  IDP   CGACAGGTCGAAGTCCGTGAG 
      
      
 
 
  
Table S2 Chi-square analysis of double 
mutants      
[1a]        
ra1; tru1* Phenotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  ra1 3 60.75 64 3.25 0.17  
Genotyped for tru1 ra1; tru1 1 20.25 17 -3.25 0.52  
            0.69  
*df=1, 
P=0.404308942        
        
        
[1b]        
tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  Normal 1 43.5 48 4.5 0.47  
  tru1 1 43.5 39 -4.5 0.47  
            0.94  
*df=1,         
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P=0.334594268 
        
        
[2]        
ts1; tru1* Phenotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  Normal 1 26 24 -2 0.15  
Genotyped for tru1 tru1 1 26 30 4 0.62  
  ts1 1 26 30 4 0.62  
Genotyped for tru1 ts1; tru1 1 26 20 -6 1.38  
  Total   104 104   2.77  
*df=3, 
P=0.428590168        
        
        
[3a]        
tb1; tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
 tb1; tru1  1 9.25 7 -2.25 0.55  
  
tb1/+, 
tru1/tru1  2 18.5 18 -0.5 0.01  
  tru1 1 9.25 12 2.75 0.82  
            1.38  
*df=2, 
P=0.501982921          
        
        
[3b]        
tb1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  tb1/tb1 1 21.5 24 2.5 0.29  
  Normal 1 21.5 19 -2.5 0.29  
            0.58  
*df=1, 
P=0.445765913        
        
        
[4]        
bif2; tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E Yates's 
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  Normal 9 47.25 41 -6.25 0.83 0.7 
  bif2  3 15.75 20 4.25 1.15 0.89 
  tru1 3 15.75 18 2.25 0.32 0.19 
  bif2; tru1 1 5.25 5 -0.25 0.01 0.01 
            2.31 1.79 
*df=3,    
P=0.5112045        
        
        
[5]        
ba1; tru1* Phenotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E Yates's 
  Normal 9 34.31 33 -1.31 0.05 0.02 
  ba1 3 11.44 15 3.56 1.11 0.82 
Genotyped for tru1 tru1 3 11.44 8 -3.44 1.03 0.76 
Genotyped for tru1 ba1; tru1 1 3.81 5 1.19 0.37 0.12 
            2.56 1.72 
*df=3, 
P=0.463847312        
        
        
[6a]        
D8/+; tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  Normal 1 14.75 20 -5.25 1.87  
  tru1 1 14.75 12 2.75 0.51  
  D8/+ 1 14.75 14 0.75 0.04  
  D8/+; tru1 1 14.75 13 1.75 0.21  
  Total   59 59   2.63  
*df=3, 
P=0.452755126        
        
        
[6b]        
D8; tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E Yates's 
  tru1 0.25 9.75 5 -4.75 2.31 1.85 
  D8/+; tru1 0.5 19.5 26 6.5 2.17 1.85 
  D8; tru1 0.25 9.75 8 -1.75 0.31 0.16 
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  Total   39 39   4.79 3.86 
*df=2, 
P=0.090950862        
        
        
[7]        
tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  Normal 1 93 104 11 1.3  
  tru1 1 93 82 -11 1.3  
            2.6  
*df=1, 
P=0.106718842        
        
        
[8]        
tru1* Genotype 
Expected 
ratio 
Expected 
number 
(E) 
Observed 
number 
(O) 
Deviation 
(O-E) Deviation2/E  
  Normal 1 109 121 12 1.32  
  tru1 1 109 97 -12 1.32  
            2.64  
*df=1, 
P=0.104059257        
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CHAPTER 3.  TASSELS REPLACE UPPER EARS1 ENCODES A PUTATIVE 
TRANSCRIPTION FACTOR THAT REGULATES MAIZE SHOOT ARCHITECTURE BY 
MULTIPLE PATHWAYS 
Li W, Vollbrecht E 
Abstract 
Plant shoot architecture results from coordinated activities of shoot meristems. In 
maize, the typical architecture comprises a single shoot axis, and terminal and axillary 
inflorescence shoots (tassel and ear) derived from terminal and lateral meristems, 
respectively. The inflorescences produce more complex branching patterns to generate 
several branch axes and show selective elimination of male or female developmental 
processes. The tassels replace upper ear1 (tru1) gene of maize regulates shoot architecture 
by restricting various shoot meristem activities including tassel branch elongation and 
axillary branch (shank) elongation, and by affecting subsequent floral meristem activities in 
inflorescence identity. By map-based cloning with the original, tru1-ws allele (total 5,399 
mutant individuals) we isolated the tru1 gene. Cloning was confirmed with four additional 
mutant alleles from an EMS noncomplementation screen. tru1 transcripts were detected in 
all tissues queried including root, vegetative shoot and leaves, embryo, and inflorescences 
at various developmental stages, consistent with a fundamental role of tru1 in regulating 
plant architecture. tru1 encodes a protein with a BTB/POZ domain and ankyrin repeats, 
highly similar to BLADE-ON-PETIOLE1 (BOP1) of Arabidopsis. In Arabidopsis, BOP1 has many 
functions, including in leaf morphogenesis and in shoot architecture through effects on 
floral meristem fate. In maize tru1 mutants, upper axillary branches are elongated and 
tassel-tipped, and lower branches are progressively reduced, revealing a key role for tru1 in 
regulating axillary branch growth. Detasseling results suggests that tru1 inhibits lateral 
branch elongation in apical dominance pathway. Double mutant analysis suggests that tru1 
acts with ra1 and ts1 in a convergent pathway to inhibit lateral inflorescence branching 
because the lateral inflorescence of the ra1; tru1 double mutant remembles the normal 
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tassel in the main stem with branched lateral tassel on the elongated shank. Interestingly, 
tasselseed1 (ts1) and/or jasmonates act with tru1 in repressing ear branching, as the ts1; 
tru1 double mutant has a synergistic phenotype: a branched ear on an elongated shank. 
Besides, the relationship among inflorescence sex, branching and shank elongation are also 
discussed. Sex correlates to lateral inflorescence branching and to shank elongation. Lateral 
inflorescence branching also correlates to shank elongation, which is sex dependent. 
Furthermore, teosinte branched1 (tb1) interacts with tru1 epistatically to inhibit shank 
elongation. The proposed regulatory network among tru1, ra1 and tb1 in modulating 
axillary meristem activities is supported by expression studies. Altogether, tru1 act as an 
intergator of multiple pathways to negatively regulate growth processes and control plant 
architecture.  
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RESULTS 
tassels replace upper ears1 (tru1) is a spontaneous recessive mutation identified in 
1988 (tru1-ws) from material collected by William F. Sheridan [1]. The tru1-ws mutant 
shows altered architecture, including elongated shank tipped by lateral tassels in upper 
nodes of main stem. In order to collect more independent mutations in tru1 gene aside 
from tru1-ws allele, we employed ethylmethanesulphonate (EMS) mutagenesis. Allelism 
tests between the tru1-ws mutant and four recessive branching mutants from EMS 
mutagenesis support that tru1 is a previously unknown locus controlling maize architecture. 
Mutations in tru1 alter whole plant morphology 
tru1 regulates plant architecture by regulating activities of shoot apical meristem 
(SAM) and axillary meristem (AxM). Mutation in tru1 gene shows reduced apical dominance. 
The internodes above the top ear are shortened, and the upper lateral branches are 
elongated and tipped by tassels. In tru1-ws mutant, the top two or three axillary branches 
elongate into tassel-tipped branches and lower branches are progressively reduced (Fig.1b), 
indicating a key role of tru1 in suppressing inflorescence elongation. Besides, there is no 
obvious difference of inflorescence sex between tru1-ws mutant and normal siblings at 
DAS44 (Fig.1i, r). However, at DAS52, tru1-ws mutant shows staminate spikelets (Fig.1s) in 
an elongated lateral inflorescence while normal siblings show pistillate spikelets (Fig.1m). 
After DAS52, less higher order branching is detected in tru1 mutant (Fig.1s-w) than in 
normal siblings (Fig.1m-q), but the apical dominance is not interrupted in tru1 mutants. 
Moreover, mutation in tru1 also causes shortened central spike and tassel branches, and 
reduced tassel branches (Fig.1d, e), revealing a key role of tru1 in promoting central spike 
elongation and tassel branching. Interestingly, about 13% (5/40) tru1-ws mutants in A619-1 
background show bracts in tassel, but no bracts were found in normal siblings (0/35), which 
is consistent with tru1-EMS-3 mutants that occasionally show bracts in tassel in different 
backgrounds (Fig.1f, g), indicating the role of tru1 in bract suppression in tassel. Not only in 
tassel, tru1 also regulates lateral inflorescence branching. tru1 mutants show low frequence 
89 
 
of branched lateral tassels (Fig.1h-k), suggests that tru1 has a potential role in inhibiting 
inflorescence branching. Furthermore, tru1 mutants have narrower blade and leafy husk 
(Fig.1b, i), indicating the role of tru1 in leaf development. 
tru1 encodes a homolog of AtBOP1 (BLADE-ON-PETIOLE1) 
The tru1 locus was previously mapped to the long arm of chromosome 3 [2]. To 
clone tru1, the tru1-ws allele was crossed to the inbred line A619 to generate a BC1 
mapping population. Two IDP markers (IDP138 and IDP7873) flanking the tru1 locus were 
first identified (Fig.2a). To narrow the region containing the tru1 locus, several IDP and CAPS 
markers (Supplementary Table 2) were newly developed to screen total 5,399 homozygous 
mutants. The tru1 locus was finally mapped to a 1.6-megabase (Mb) region between 
markers GDB201 and GDB190 (see Methods) (Fig.2a). Annotation of the 1.6-Mb sequence 
identified several genes including one open reading frame (ORF) that encodes a protein 
highly homologous (70% identity) to the Arabidopsis BLADE-ON-PETIOLE 1 (BOP1) gene [3]. 
In Arabidopsis, BOP1 has many functions, including in leaf morphogenesis [4] and floral 
meristem identity [5]. Loss-of-function mutation in BOP1 causes ectopic leaves on the 
rosette leaves and ectopic bracts on the inflorescence [6], and BOP1; BOP2 double mutant 
show significantly elongated lateral branch [5], suggesting that the maize ORF with 
homology to the Arabidopsis BOP1 could be tru1. We therefore amplified the corresponding 
ORF from tru1-ws and wild-type inbreds with polymerase chain reaction (PCR) using tru1-ws 
gene-specific primers (Supplementary Table 3) and then sequenced the product. DNA 
sequence comparison indicates a Dremp1 insertion in this ORF of the tru1-ws allele. The 
occurrence in tru1-ws and four tru1-EMS alleles (tru1-EMS-2, 3, 13, 14) of five independent 
mutations in the ORF of the same gene (Fig.2b) confirmed that GRMZM2G039867 is 
corresponded to the tru1 gene. 
tru1 gene has one intron, and based on EST evidence, produces a transcript of 2556 
bp with an ORF that encodes a protein of 508 amino-acid residues with a BTB/POZ domain, 
Domain of Unknown Function (DUF) 3420 domain and ankyrin repeats (ANK) (Fig.2b). In 
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tru1-ws allele, a stop codon (at position 151) of the insertion at position 2808 causes a 
premature translation stop that would lead to a truncated protein of 274 amino-acid 
residues with the last 50 residues encoded by the insertion sequence (Fig.2b). Three 
nonsense mutations (tru1-EMS-2, tru1-EMS-3 and tru1-EMS-14) and one missense mutation 
(tru1-EMS-13) (Fig.2b) have heritable phenotypes (partly derepress branches on the main 
shoot) and fail to complement tru1-ws.  
Maize tru1 and Arabidopsis BOP1 are members of a gene family containing ankyrin 
repeats and a BTB/POZ domain, suggesting a role in protein-protein interaction [6]. Besides, 
tru1 is highly similar (84% identity in protein) to the disease resistance regulatory gene 
nonexpressor of pr genes1 (npr1) on chromosome 8 in maize [7], we named tru1-like1 (trl1). 
Further, BOP1 shares the same gene family with npr1 in Arabidopsis, suggesting an 
association between the role of tru1 in developmental patterning and plant defense [8]. 
The expression of tru1 together with trl1 was detected by RT-PCR. tru1 and trl1 are 
both expressed in many tissue types examined, such as SAM, tassel, ear, shoot, leaf, embryo 
and anthers, except root where no transcripts of trl1 are detected (Fig.2c). Interestingly, 
tru1 has a self-regulating expression pattern, which was detected in 2.5mm tassel from tru1 
mutant (A619 background) (Fig.3o). However, the self-regulating expression pattern was 
not detected in 0.5mm vegetative SAM (Fig.3r) and 0.5-1.5mm small ears of either tru1 
mutant or normal siblings. In Arabidopsis, BOP1 is expressed in leaf primordia and at the 
base of rosettel leaves on the adaxial side, and in floral buds at the base of the sepals and 
petals [4], including the pedicel [6, 4, 9, 8], and also expressed in nodes and stems [10]. 
tru1 acts with ra1 and ts1 in a convergent pathway to inhibit lateral inflorescence 
branching 
About 2% (12/583) tru1-ws mutants show top branched lateral tassels (Fig.3d), 
revealing a potential role of tru1 in suppressing lateral inflorescence branching. To further 
investigate the function of tru1 in the inflorescence branching, we crossed tru1-ws mutant 
with branching ramosa 1 (ra1) mutants. ra1 encodes a transcription factor with a Cys2-His2 
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zinc finger motif and inhibits inflorescence branching in either tassel or ear by imposing 
meristem determinancy on 2° branches [11]. To test whether or not tru1 affects lateral 
inflorescence branching in either direction, we used the weak allele ra1-63 mutants, which 
show a few branches in lateral ears in A619 background. Interestingly, the ra1; tru1 double 
mutant also shows branched lateral inflorescence (Fig.3g). The number of lateral 
inflorescence branches of the ra1; tru1 double mutant (ra1; tru1=6.6 ± 5.3, n=17) is 
statistically significant more than that of either tru1 single mutant (tru1=0 ± 0, n=39; 
P<0.0001) or ra1 single mutant (ra1=0.1 ± 0.6, n=64; P<0.0001) (Fig.3i), suggesting that ra1 
and tru1 suppress lateral inflorescence branches independent of each other. We also 
examined ra1-tru1 relationship at the level of gene expression. ra1 transcripts are only 
detected in small ear larger than 1mm, and are increased in ra1-R mutant small ear larger 
than 2mm (Fig.3p). tru1 transcripts are increased in ra1 mutant compared to normal siblings, 
suggesting a negative regulatory feedback loop [11]. In addition to ear, we also examined 
ra1-tru1 relationship at the level of gene expression in tassel. tru1 is expressed in 0.5mm 
vegetative SAM collected from A619 BC1 population at DAS16 (Fig.3r), while ra1 is not 
detected until in 2mm tassel (B73-6 background) at DAS17-21 (Fig.3o). At this point, BMs 
are formed at the base of central spike and the other 2° meristems are starting initation. 
ra1 is expressed highest when 2° branch starts initiation [11]. Interestingly, the self-
regulating expression pattern of ra1 and tru1 was detected in 2mm tassel from ra1 mutant 
and in 2.5mm tassel from tru1 mutant (Fig.3o), respectively. Besides, two self-regulating 
expression patterns of ra1 and tru1 were detected in 4mm ra1 tassel (Fig.3o), while the self-
regulating expression pattern of tru1 was not detected in 2mm ra1 tassel (Fig.3o). 
Furthermore, the ra1 expression was lower in tru1 2.5 mm tassel than in normal 
siblings(Fig.3o), indicating that tru1 promotes ra1 in tassel in inhibiting 2° branching and in 
return, ra1 might repress tru1 expression, forming a negative feedback loop. Therefore, 
tru1 is repressed by ra1 and acts with ra1 in a convergent pathway to inhibit lateral 
inflorescence branching (Fig.4). 
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In the 17 ra1; tru1 double mutants, feminized inflorescence mutant has a relatively 
short shank length, while masculinized inflorescence mutant has a relatively long shank 
length. So, we ask whether or not sex is correlated to shank elongation. We use 
tasselseeds1 (ts1); tru1 double mutants to investigate this question. ts1 encodes a 
lipoxygenase and is involved in jasmonic acid pathway to regulate sexual development [12]. 
Suprisingly, we discovered a novel role for ts1 in inhibiting lateral inflorescence branching. 
In Mo17-3 background, ts1 single mutants (0/98) never show lateral inflorescence branches 
while about half (9/17) of ts1; tru1 double mutants show branched lateral ear, a substantial 
difference (Fig.3h). Besides, the branch number of lateral ear of the ts1; tru1 double mutant 
(ts1; tru1=1.6 ± 1.7, n=17) is significantly more than that of either mutant (tru1=0.1 ± 0.4, 
n=52; P<0.0001; ts1=0 ± 0, n=61; P<0.0001) (Fig.3l), indicating the inhibitory effect of ts1 
and tru1 on lateral inflorescence branching is independent of each other, and tru1 has a 
major effect. Therefore, tru1 acts with ts1 in a convergent pathway to inhibit lateral 
inflorescence branching (Fig.4).  
Sex correlates to lateral inflorescence branching 
tru1-ws mutant usually shows top one or two elongated shanks tipped by lateral 
tassels (Fig.1b, i) while tru1-ws strong mutant could have top four lateral tassels. The 
expressivity of tru1-ws mutant phenotype varies in A619-1 background. The inflorescence 
of tru1-ws mutants varies from ear with staminated tip to the mixed sex inflorescence with 
both staminate spikelets and pistillate skielets, to completely male lateral tassel (Fig.3a). All 
the 17 ts1; tru1 double mutants show feminized lateral inflorescence, indicating that tru1 
regulates sexual determination of florets in lateral inflorescence upstream of ts1. In the 17 
ra1; tru1 double mutants, sex correlates to branching (P=0.0365). In feminized inflorescence, 
branching number is reduced, while in masculinized inflorescence, branching number tends 
to be increased. However, the cause-effect relationship between sex and branching is 
unclear.  
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Sex correlates to shank elongation 
In the development of axillary meristems, sex determination of flort fates is 
complete before shank elongation. Besides, tru1-ws mutants show staminate spikelets 
(Fig.1s) and normal siblings show pistillate spikelets (Fig.1m) at DAS52, when the shank is 
not significantly elongated (Fig.1m). Moreover, during the lateral branch growth, tru1-ws 
mutants are always faster than normal siblings. The relative growth rate (percentage of 
tru1-ws/+) of inflorescence in tru1-ws mutant is higher and lower than that of shank before 
and after the growth transition (DAS51-60), respectively (Fig.3c). In normal siblings (tru1-
ws/+), however, the growth rate of inflorescence length is always higher than that of shank 
length even after the growth transition. The up-and-down growth pattern of inflorescence 
and the lag-log growth pattern of shank in tru1-ws mutants suggests the correlation 
between inflorescence elongation and shank elongation. Therefore, the sequence of events 
and the growth pattern of inflorescence and shank in tru1-ws mutants suggests that sex 
correlates to shank elongation. Furthermore, the shank length of the tru1-ws mutant with 
mixed sex inflorescence (mixed=39.5 ± 14.1 cm, n=28) is an intermediate between that of 
normal siblings (tru1-ws/+) with compelete female ear (normals=11 ± 6.5 cm, n=621; 
P<0.0001) and that of the tru1-ws mutant with complete male tassel (tru1=51 ± 18.3 cm, 
n=424; P<0.005) (Fig.3b), supporting the proposed correlation between inflorescence sex 
and shank elongation. In the ra1; tru1 double mutant, there is a weak correlation between 
sex and shank elongation. In the ts1; tru1 double mutants, however, we are not able to 
confirm the correlation between sex and shank elongation since the ts1; tru1 double 
mutants show branched ear, and lateral inflorescence branching correlates to shank 
elongation. 
Correlation between lateral inflorescence branching and shank elongation is sex 
dependent 
Interestingly, the branched tru1-ws mutants have a significantly longer shank length 
than the unbranched tru1-ws mutants do, especially in the second lateral branch (Fig.3e), 
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suggesting that lateral inflorescence branching may relate to shank elongation. To 
investigate whether or not inflorescence branching correlates to shank elongation, the 
shank length (Fig.3j) and branch number (Fig.3k) are compared between homozygous 
(tru1/tru1) and heterozygous (tru1/+) in ra1 mutant background. In the 17 ra1; tru1 double 
mutants, there is a significant correlation between lateral inflorescence branching and 
shank elongation (P=0.0064). The mutants with more lateral inflorescence branches tend to 
have long shanks. However, this correlation seems to be absent in the ts1; tru1 double 
mutants since the shank length of branched ts1; tru1 double mutant is similar to that of 
unbranched ts1; tru1 double mutant (branched ts1; tru1=43.2 ± 6.9 cm, n=9; unbranched 
ts1; tru1=48.1 ± 10.9 cm, n=8; P=0.27). Therefore, the correlation between lateral 
inflorescence branching and shank elongation is sex dependent. 
tru1 and tb1 inhibit shank elongation in the same pathway 
              In addition to branching and sex, other genes, including tesointe branched1 (tb1), 
also affect shank elongation. To investigate the relationship between tru1 and tb1, the 
morphological study was performed in F2 population segregating the tb1; tru1 double 
mutants. Compared to normal sibings (normals=18.5 ± 10.9 cm, n=28), tb1 mutant shows 
significantly short inflorescence length (tb1=10.9 ± 2.9 cm, n=15; P<0.05), while tru1 mutant 
shows significantly long inflorescence length (tru1=24 ± 4.3 cm, n=12; P<0.0001) (Fig.3m), 
suggesting the opposite roles of these two genes in regulating inflorescence elongation. 
However, the tb1; tru1 double mutant shows an intermediate inflorescence length (tb1; 
tru1=16.9 ± 1.9 cm, n=7) between tb1 single mutant (P<0.0005) and tru1 single mutant 
(P<0.005) (Fig.3m). This additive double mutant phenotype indicates that the two genes 
function independently to regulate inflorescence elongation. We’ve investigated expression 
of tru1 and tb1 in small ear (Fig.3q). tru1 expression may be upregulated in tb1 mutant, 
while tb1 expression remains unchanged in tru1 mutant (Fig.3q), suggesting that tb1 
represses tru1 expression in regulating inflrescence elongation. On the contrary, tru1 
expression is not detected in 0.5mm vegetative SAM (Fig.3s), suggesting that tb1 promotes 
tru1 in SAM. When we examined shank length, both tru1 and tb1 mutants show significantly 
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elongated shanks compared to normal siblings (normals=9.5 ± 6.3 cm, n=28; tb1=39.2 ± 11.2 
cm, n=15; P<0.0001; tru1=37.4 ± 21.6 cm, n=12; P<0.0001) (Fig.3n), indicating their roles in 
inhibiting shank elongation. However, the shank length of the tb1; tru1 double mutant (tb1; 
tru1=40.3 ± 11.6 cm, n=7) is not significantly different from that of either tb1 single mutant 
(P=0.84) or tru1 single mutant (P=0.76) (Fig.3n), indicating that tru1 and tb1 functions in the 
same pathway to inhibit shank elongation.  
tru1 inhibits shank elongation downstream of tassel signals 
               The tassel is known to impose apical dominance on lateral branch elongation 
because detasseling significantly increases shank length of detasseled normal plants 
(normals=6.3 ± 1 cm, n=48; detasseled normals=16.8 ± 6.5 cm, n=56; P<0.05). To test if tru1 
is involved in tassel signals, we performed detasseling experiment on tru1 mutants. 
Interestingly, detasseling did not significantly change tru1-ws mutant shank length 
(tru1=50.4 ± 15.2 cm, n=39; detasseled tru1=53.4 ± 19.3 cm, n=43; P=0.44), suggesting that 
tru1 acts downstream of tassel signals in suppressing shank elongation. 
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DISCUSSION 
Though tru1 encodes a homolog of AtBOP1, the functions of tru1 in maize and BOP1 
in Arabidopsis are distinct. In Arabidopsis, BOP1 prevents ectopic meristematic activity at 
discrete locations, resulting in lateral organ formation [6,4]. BOP1 and BOP2 function 
redundantly to regulate growth asymmetry (as proximal-distal and adaxial-abaxial 
patterning) of leaf morphogenesis [6, 4, 13] and flower patterning [14, 10, 8], and promote 
floral meristem identity [5, 15] and suppress bract [15]. BOP1 mutant has leafy petiole 
(adaxial side) [9, 8], loss of floral organ abscission [14, 8] and asymmetric flowers with a 
subtending bract [8]. In maize, however, single gene tru1 regulates inflorescence elongation, 
branching and inflorescence sex determination. Mutation in tru1 causes reduced and short 
tassel branches, shorted central spike, staminate spikelets in lateral inflorescence (lateral 
tassel), elongated shank and branched lateral inflorescence. Besides, tru1 plays a role in 
suppressing bract and husk leaf formation. Though tru1 has a highly conserved sequence on 
Ch8 named trl1, and the expression of both tru1 and trl1 are similar in many tissues, they do 
not function redundantly, which is different from BOP1 and BOP2 in Arabidopsis. The 
expression of BOP1 [6, 4, 9, 10, 8] in leaf primorida and floral buds overlaps that of the class 
I knox gene brevipedicellus (bp) [16, 17]. bp encodes homeodomain protein KNAT1 and 
reglates pedicel development [17]. Mutation in bp causes shortened internodes (pedicels), 
condensed inflorescence architecture and downward-pointing silique [16, 17]. BOP1 
represses three class I knox genes knat1, knat2 and knat6 in those tissues [4, 9], which is 
supported by the downward-orienting silique phenotype observed in the overexpression of 
35S:BOP1 and 35S:BOP2 plants [10]. Our expression data suggests that kn1 promotes tru1 
expression either in small ear (4-5mm) (Fig.3u) or in vegetative SAM (0.5mm) (Fig.3t), 
revealing the different pathway that tru1 and kn1 are involved in between monocot (maize) 
and dicot (Arabidopsis). 
tru1 acts as an architectural regulator that regulates plant architecture and 
inflorescence structure. Similar to tb1-ref mutant [2], mutation in tru1 cause pleiotropic 
phenotypes, including the transformation from condensed shank tipped by compact ear 
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wrapped with unexpanded husks to elongated shank tipped by lateral tassels with 
expanded leafy husk. One of two OTL reported to govern plant and inflorescence 
architecture between maize and teosinte is QTL-3L
M
, which is mapped to chromosome 3L 
and influences many traits such as inflorescence sex, shank node number and length except 
lateral inflorescence branching [2]. tru1 is very probably to be the QTL-3L
M
 not only due to 
tru1 gene location but the roles of tru1 in affecting similar traits as QTL-3L
M
. tb1-ref is 
reported to interact with QTL-3L
M
 epistatically to control PEDS (percentage of cupules 
lacking the pedicellate spikelet) and YOKE (degree to which the fruitcases are in yoked pairs) 
[2]. Also, QTL-3L
M
 was thought to act upstream of tb1 [18] and promote the role of tb1 to 
regulate inflorescence sex and plant architecture [2]. Our studies suggest that tru1 is 
repressed by tb1 and acts with tb1 to inhibit lateral inflorescence elongation in a 
convergent pathway (Fig.4). Besides, tru1 is epistatic to tb1 in the inhibition of shank 
elongation. The shank length of tb1; tru1 double mutant is similar (tb1; tru1=40.3 ± 11.6 cm, 
n=7) to that of tru1 single mutant (tb1/+, tru1/tru1=44.1 ± 21.8 cm, n=18; P=0.7), but is 
statistically longer than that of tb1 single mutant (tb1=39.2 ± 11.2 cm, n=15; P<0.01). 
Furthermore, tru1 promotes shank node number upstream of tb1 because the shank node 
number of the tb1; tru1 double mutant (tb1; tru1=4.8 ± 0.8, n=7) resembles that of tru1 
single mutant (tru1=5 ± 0.7, n=12; P=0.35), but is slightly higher than that of tb1 single 
mutant (tb1=4.3 ± 0.5, n=15; P=0.08). tb1 is well known to regulate plant architecture and is 
involved in the domestication. Since tru1 acts with tb1 epicatically, tru1 could be a target 
gene under hunam selection during the domestication when tb1 was present [18]. 
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METHODS 
Genetic materials and sources 
The reference mutant allele (tru1-ws) obtained from the Maize Genetics Cooperation Stock Center, 
Maize COOP (http://maizecoop.cropsci.uiuc.edu/), was isolated by William Sheridan in an unknown genetic 
background. Additional alleles tru1-EMS-2, 3, 13, 14 were identified in our lab by a noncomplementation 
screen of M1 families using Ethyl Methane Sulphonate (EMS) mutagenesis of the A619 maize inbred 
(Supplementary Table 1). In brief, tru1-ws mutant plants were crossed to A619 inbred line, the F1 plants all 
showed wild-type and were back crossed to tru1-ws mutant plants to generate F1 BC1 population, in which 
tru1-ws mutants (tru1-ws/tru1-ws) and normal plants (tru1-ws/+) plants segregated 1:1. We used the progeny 
of F1 BC1 as female to cross with EMS-treated A619 pollen in order to obtain M1. Since tru1-ws is a recessive 
mutation, plants showing a tru phenotype potentially contain new EMS-induced tru1 mutant alleles. In 
summer 2007 and 2008, totally 28,500 M1 plants were grown and 34 plants showing strong tru phenotype 
were discovered. Those tru mutants were outcrossed to B73, Mo17 inbred lines and the following F1 plants 
were genotyped by tru1-linked markers IDP7873 and IDP3796, which distinguished the new tru1 mutant 
alleles (A619 background) from the original tru1-ws allele (unknown background, named 540). Heterozygous 
F1 plants containing the new tru1 mutant alleles were selfed in order to segregate homozygotes. 
Complementation analysis began in summer 2009 by making crosses between those tru homozygotes to 
confirm allelism.  
Chromosome walking 
tru1-ws plants were crossed to A619 inbred and then backcrossed to tru1-ws to generate F1 BC1 
mapping populations segregating a half for mutants in A619 background. Also, tru1-ws plants were crossed to 
B73, Mo17 and W22  inbreds and then backcrossed to tru1-ws to generate F1 BC1 mapping populations 
segregating a one quarter for mutants in those genetic backgrounds. Therefore, for mapping, we used mostly 
homozygous tru1-ws/tru1-ws mutants from A619 background. Total 5,399 homozygous tru1-ws mutants from 
those F1 BC1 mapping populations in different genetic backgrounds were screened by several existing and 
newly developed Insertion-Deletion Polymorphism (IDP), Cleaved Amplified Polymorphic Sequences (CAPS) 
and plus/minus (+/-) markers (Supplementary Table 2) for recombination. Marker in its heterozygous state 
suggests a recombination between the heterozygous marker and the tru1 locus. tru1 maps to bin 3.05 in the 
genetic map between IDP138 (contig121) and IDP7873 (contig128) from Maize Assembled Genomic Island 
(MAGI) (http://magi.plantgenomics.iastate.edu/), using 191 F1 BC1 mutants (A619 background) in 2006 
summer. tru1 locus was further narrowed down by new developed IDP marker ctg125B and the existing 
marker IDP3796 (MAGI). In order to continue narrowing down the genomic region surrounding the tru1 locus, 
the newly developed plus/minus makrer ctg126-8, the CAPS marker GDB9 and the IDP marker GDB39 were 
tested in total 2,258 F1 BC1 mutants from four different backgrounds (A619, B73, Mo17 and W22) in 2007 
summer. tru1 was placed between GDB9 and GDB39. In 2008 summer, the tightly linked CAPS marker GDB75 
distal to tru1 was developed with seven recombinations out of 1,674 F1 BC1 mutant plants (A619 background). 
The IDP marker GDB172 and the CAPS marker GDB190 flanking tru1 were developed to screen 1,276 F1 BC1 
mutants (A619 background) in 2009 summer. tru1 locus was further placed within a 1.6-Mb region between 
the IDP marker GDB201 and the CAPS marker GDB190, with four crossovers proximal and one crossover distal 
to tru1, respectively. There are about 27 genes within this region according to maize B73 RefGen_v2 [MGSC 
and AGI]. The CAPS marker GDB187 showed zero recombination with tru1 (Supplementary Figure 1). Several 
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canditate genes, like BLADE-ON-PETIOLE1 (BOP1), sourrounding this region were sequenced in order to find 
the leison of tru1 locus. DNAs from multiple inbreds (A619, B73 and Mo17) and mutant tru1-ws alleles were 
amplified by polymerase chain reaction (PCR) using BOP1 gene-specific primers (first exon: 220F, 5’-
GCTCAGACTGTTATCACCTTTTGC-3’, 182R, 5’- TGTATAGGATCGGAGAGACCCAGA-3’; second exon: 217F, 5’-
CTAGGGTTTCGTCATGCTTCCTG-3’, 188R, 5’-TTCACGGCTCAAGTTAGATTCC-3’), and then sequenced. A 535bp 
insertion (tandem duplication of unknown sequence) was found between 141 and 142 nucleotides of the 2
nd
 
exon in tru1-ws allele. However, no insertion was found in multiple inbred lines, suggesting that the 535bp 
insertion could cause the mutation of BOP1 or tru1(GRMZM2G039867). 
Development and evaluation of molecular markers 
Candidate sequences for developimg markers were selected from the predicted maize gene models 
by MaizeSequence (http://www.maizesequence.org), and then were analyzed by BLAST through HTGS of NCBI 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Only non-repetitive maize DNA sequences were considered for 
marker development. Most of PCR-based markers were designed in either the three prime untranslated region 
(3'UTR) or intron-flanking region of genes for polymorphisms. Markers were designed with Primer 3 
(http://frodo.wi.mit.edu/primer3/) and synthesized by Iowa State University DNA Facility (Ames, Iowa). 
Markers were routinely amplified with 0.25 U EconoTaq DNA polymerase (Lucigen) in 20 μl reactions 
containing 1 X PCR buffer, 500 μM of each dNTP, 500 nM of each primer, 2 mM MgSO4, 100-200 ng genomic 
template DNA, 4 μl betaine and 1 μl DMSO. Betaine and DMSO improve the PCR amplification of GC-rich DNA 
sequences by reducing the formation and mispriming of secondary structure. PCR cycling conditions were as 
follows: 94°C (3 minutes); 35 cycles of 94°C (30 seconds), 58-64°C (30 seconds), 72°C (1 minute/1 kb); 72°C (10 
minutes). The optimum annealing temperature was determined using gradient PCR. Markers were tested by 
amplifying genomic DNAs of A619, B73, Mo17 and 540 (tru1-ws background). Among the 115 pairs of 
designed markers in this study, 71 pairs of markers (working primers) were able to amplify the correct 
products from at least one of the genomic DNAs, the rest 44 pairs of markers showed either wrong or no 
products. About 10% (7/71) of the 71 pairs of working markers were IDP markers, 10% (7/71) were CAPS 
markers, and 5% (4/71) were plus/minus (+/-) markers. About 75% (53/71) of the working markers showed no 
polymorphisms by sequencing. New markers were initially evaluated in 12 non-recombinant normal siblings 
and 12 non-recombinant mutants to verify the co-segregation of the new markers with the tru1-ws allele. Also, 
the new markers were tested in the recombinant mutants screened by previous linked markers to confirm the 
linkage with tru1-ws allele. 
Gene expression analysis by semi-quantitative RT-PCR 
Maize plants from inbred line A619 were grown in the field. Expression levels of tru1, tb1, kn1 and 
ra1 in four different tissues were analyzed by semi-quantitative RT-PCR. All tissue samples used for semi-
quantitative RT-PCR were quickly dissected and immediately frozen in liquid nitrogen. Approximately 100 mg 
of frozen tissue were ground in a mortar and pestle and quickly re-suspended in 1 ml of Trizol (Invitrogen). 
Developing inflorescences between 5 mm and 9 mm in length were directly placed in 1.5 ml microcentrifuge 
tubes, resuspended in 1 ml of Trizol reagent and ground with a plastic pestle attached to a table top drill press. 
Total RNA was isolated according to manufacturer’s recommendations and re-suspended in water previously 
treated with diethylpyrocarbonate (DEPC; Sigma). RNAs were quantified using a NanoDrop 1000 (Thermo 
Scientific), and 2.5 μg of total RNA (20 μl 125ng/ul) from each sample was treated with 2.5 unit of DNase I, 
Amplification Grade (Invitrogen) in a 25 μl reaction containing 1 X DNase I buffer supplied by the manufacturer. 
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After incubating for 15 minutes at room remperature, the enzyme was inactivated by adding 2.5 μl of 25 mM 
EDTA and heating at 65°C for 10 minutes. 20 μl of the DNase-treated RNA (2 μg) was directly reverse-
transcribed using RNA to cDNA EcoDry Premix (Oligo dT) following the manufacturer’s protocol (Clontech), 
whereas the remaining 5 μl (0.5 μg) was used as a negative RT control. The cDNA was diluted to 40 μl (1:1) 
with water and stored at -80°C. PCR reactions were performed in optical 96-well plates with a PTC-225 peltier 
thermal cycler (MJ Research). Reactions contained 10 μl GoTaq Green Master Mix (Promega), 2 μl (500nM) of 
each gene-specific primer (Supplementary Table 3) and 1 μl of diluted cDNA in a final volume of 20 μl. PCR was 
run according to the manufacturer’s recommended PCR thermal profile of the Master Mix. At least two 
technical (PCR) replicated were set up for each one of the three biological replicates of each tissue sample. 
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FIGURE LEGENDS  
Fig.1 The phenotype and development of tru1 mutant. 
(a) Wild-type (tru1-ws/+, A619-1); 
(b) tru1-ws mutant elongated shank with terminal tassel; 
(c) Wild-type (tru1/+, A619-1) tassel; 
(d) tru1-ws tassel with shortened tassel branches; 
(e) Close-up of tru1-ws shortened tassel branches (arrowheads); 
(f) tru1-EMS-3 (Mo17-1) mutant tassel with shorten tassel branches and bracts; 
(g) Close-up of tru1-EMS-3 shortened tassel branches and bracts (arrowheads); 
(h) Wild-type (tru1/+, A619-1) ear; 
(i) tru1-ws mutant lateral tassel with branches (arrowhead); 
(j) Branched lateral tassel in tru1-ws mutants in A619 BC1 background at DAS51 (955HU); 
(k) Close-up of (j); 
(l) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS44 (779HU); 
(m) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS52 (966HU); 
(n) Close-up of (m); 
(o) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS58 (1115HU); 
(p) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS66 (1273HU); 
(q) Top ear of heterozygous tru1-ws/+ plants in A619 BC1 population at DAS70 (1480HU); 
(r) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS44 
(779HU); 
(s) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS52 
(966HU); 
(t) Close-up of (s); 
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(u) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS58 
(1115HU); 
(v) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS66 
(1273HU); 
(w) Top ear of homozygous tru1-ws/tru1-ws mutants in A619 BC1 population at DAS70 
(1480HU). DAS, days after sowing. Heat unit (HU). Bar=1mm. 
 
Fig.2 Postional cloning of tru1. 
 (a) Genetic and physical map of the tru1 locus in maize chromosome 3. 
Recombinants are indicated by fractions. For example, 21/191 means 21 recombinants out 
of 191 homozygous tru1-ws/tru1-ws mutants. 
* multiple populations: 62/3416 comes from 22/1343 (A619, 2007 summer), 14/399 (Mo17, 
2007 summer) and 26/1674 (A619, 2008 summer); 26/278 comes from 10/399 (Mo17, 2007 
summer) and 16/279 (B73, 2007 summer); 77/827 comes from 35/399 (Mo17, 2007 
summer) and 26/237 (W22, 2007 summer). Markers are listed above hatch marks and 
recombination frequency numbers are shown below (map is not to scale). The arrow 
represents the transcription start. 
(b) Structure of the tru1 gene and the tru1 mutant alleles. The tru1 gene contains 2 exons 
(black box) and 1 intron. Five mutant alleles of the tru1 gene contain the generation of a 
premature stop codon (tru1-EMS-3, tru1-EMS-2, tru1-EMS-14), or a Dremp1 insertion in 
DUF domain of the second exon (tru1-ws), or an amino acide exchange (A>V) in ANK 
domain of the second exon (tru1-EMS-13). Two polymorphisms in ANK domain of tru1 
between B73 and A619 inbred lines are found at the position 3226 (amino acid positions 
364) and 3541 (amino acid positions 469). 
(c) Expression of tru1 in different tissues. tru1 and trl1 gene transcripts were detected by 
RT-PCR (35 cycles) in many tissues. RT-PCR of the ubiquitin gene was used as a control for 
genomic DNA and integrity of total RNA samples. 
 
Fig.3 Genetic pathways of lateral branch elongation and lateral inflorescence branching. 
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(a) The expressivity of tru1-ws mutant phenotypes varies in A619 BC1 background at 
DAS120. 
(b) Shank length of female, mixed sex and male lateral inflorescence at DAS120. 
(c) Relative growth rate of shank and inflorescence in tru1-ws/tru1-ws mutants is given as 
per cent of tru1-ws/+ plants (n=100). Growth rate was calculated by length (cm) per heat 
unit (HU). 
(d) Branched lateral tassel (arrowheads) in tru1-ws mutants in A619 BC1 background at 
DAS120. 
(e) Shank length of unbranched (424) and branched (10) homozygous tru1-ws/tru1-ws 
mutants in A619 BC1 population at DAS120.  
(f) Shank length of homozygous tru1-ws/tru1-ws mutants and normal siblings before and 
after detasseling in A619 BC1 population. 
(g) Mature ears of some genetic classes of an F2 family segregating for tru1 and ra1. 
(h) Mature ears of some genetic classes of an F2 family segregating for tru1 and ts1. 
(i) Mature ears of some genetic classes of an F2 family segregating for tru1 and tb1. 
(j) Quantitative analysis of shank length among the plants of some genetic classes of an F2 
family segregating for tru1 and ra1. The scale to the left (cm) is for length. 
(k) Quantitative analysis of branch number among the plants of some genetic classes of an 
F2 family segregating for tru1 and ra1. The scale to the left is for number. 
(l) Quantitative analysis of branch number among the plants of some genetic classes of an 
F2 family segregating for tru1 and ts1. The scale to the left is for number. 
(m) Quantitative analysis of inflorescence length among the plants of some genetic classes 
of an F2 family segregating for tru1 and tb1. The scale to the left (cm) is for length. 
(n) Quantitative analysis of shank length among the plants of some genetic classes of an F2 
family segregating for tru1 and tb1. The scale to the left (cm) is for length. 
(o) Expression of tru1 and ra1 in small tassel (2.5-4mm) of ra1 and tru1 mutants, 
respectively. 
(p) Expression of tru1 and ra1 in small ears (0.5-7mm) of ra1 and tru1 mutants, respectively. 
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(q) Expression of tru1 and tb1 in small ears (0.5-9mm) of tb1 and tru1 mutants, respectively. 
(r) Expression of tru1 and ra1 in vegetative SAM (0.5mm) of ra1 and tru1 mutants, 
respectively. 
(s) Expression of tru1 and tb1 in vegetative SAM (0.5mm) of tb1 and tru1 mutants, 
respectively. 
(t) Expression of tru1 and kn1 in vegetative SAM (0.5mm) of kn1 and tru1 mutants, 
respectively. 
(u) Expression of tru1 and kn1 in small ear (0.5-5mm) of kn1 and tru1 mutants, respectively. 
DAS, days after sowing. Error bars represent SE. *t test, P<0.05; **t test, P<0.005; ***t test, 
P<0.0005. 
Fig. 4 tru1 integrates shoot architecture by negatively regulating growth processes. 
tru1 functions downstream of tassel signals, and inhibits shank elongation together with tb1. 
Besides, tru1 inhibits upper stem internode elongation. Moreover, tru1 inhibits but tb1 
promotes lateral inflorescence elongation in an independent pathway, in which tb1 
represses tru1. Furthermore, tru1 acts with ts1 and ra1 to inhibit lateral inflorescence 
branching in a convergent pathway, in which ra1 represses tru1. Red dot lines are 
supported by expression data. 
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Fig.1 Wei Li et al. 
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Fig.2 Wei Li et al. 
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Fig.3 Wei Li et al. 
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Fig.4 Wei Li et al. 
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Supplementary Table 1. Characterization of five tru1 mutant alleles 
Allele tru1 
mutation1 
Location Domain2 Additional 
phenotype 
Genetic 
background 
F2 ratio 
(B73, Mo17) 
Source 
tru1-ws 535bp 
unknown 
insertion 
141-142 
(exon 2) 
DUF3420 - unknown 1/16 William 
Sheridan/
COOP
3
 
tru1-
EMS-2 
Nonsense 
mutation  
C>T, stop 
codon  
394 (exon 1) BTB - A619 1/4 This study 
tru1-
EMS-3 
Nonsense 
mutation  
C>T, stop 
codon  
358 (exon 1) BTB Bract 
branch in 
the tassel 
A619 1/4 This study 
tru1-
EMS-13 
Missense 
mutation  
C>T (amino 
acid A>V)  
551 (exon 2) ANK - A619 1/16 This study 
tru1-
EMS-14 
Nonsense 
mutation  
C>T, stop 
codon  
715 (exon 2) ANK - A619 1/16 This study 
1
Sequences listed 5’ to 3’ on coding strand.  
2
Domain 
DUF3420: Domain of unknown function 
BTB: Bric-a-Brac, Tramtrack, Broad-complex 
ANK: Ankyrin repeat 
3
Maize COOP: http://maizecoop.cropsci.uiuc.edu/ 
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Supplementary Table 2. Molecular markers used for mapping the tru1 locus 
Marker Type
1
 Primer sequence (5’ to 3’) Enzyme Product size (bp)
2
 Source
3
 
IDP138 IDP F: ATACATTTGCAGGCAGACCC 
R:CCACACAGCTATCCTCCTCC 
 289 MAGI 
IDP7873 IDP F: CACTGGTCACTTTGTGCAGG 
R: AAGCAACCATGCTATGAGGC 
 374 MAGI 
IDP3796  IDP F: CCACGACCTTGTTGCTCC 
R: CCGTCTGTGACTGTGTGTCC 
 432 MAGI 
ctg125B IDP F: TTTCTTGCTGAACGCCGAGA 
R: GCCAGGTGGGAGTCGATCTT 
 1192 This 
study 
GDB39 IDP F: AATCTTCCTCGGGTACTTTCAA 
R: GGCAGCTTTAACAAACGAGAGTG 
 1132 This 
study 
GDB172 IDP F: AAGAGAGGGGCCTGACGTTC 
R: CCTGCTCGGTTTCTTTGCTAGTG 
 306 This 
study 
GDB201 IDP F: TGGTACGTTTGCTAATGCTATCAC 
R: CTACACCAGAACTTTGTAGCGTGA 
 894 This 
study 
GDB9 CAPS F: ACCCCAGGAGTGGCATGGATAA 
R: TGAAAGGCAAAATCCCTATACCAG 
BstNI 764 This 
study 
GDB75 CAPS F: CTTAGGCACACGGCAGCATATT 
R: GTACAAGAGAATCAAGCAGGCAGA 
AgeI or 
BssHII 
1653 This 
study 
GDB190 CAPS F: GCATGCTCCGGTAGAACATTGTAG 
R: CTCCAATGACCTATGAACCTGTGG 
HincII 1471 This 
study 
GDB187 CAPS F: GACCCAAACGTAACCAGAGACATT 
R: TGTCACGAAGCTCAAGTGTCTTAT 
HpaII or 
EcoRII 
583 This 
study 
ctg126-8 +/- F: CCGGGAATCAATCGCCTTTT 
R: CCCATTGGGCCGTAAGTTTGA 
 807 This 
study 
1
Type 
IDP: Insertion-Deletion Polymorphism 
CAPS: Cleaved Amplified Polymorphic Sequences 
+/-: plus/minus 
2
Product size (bp): Size in inbred line B73 
3
Source: Maize Assembled Genomic Island (MAGI) (http://magi.plantgenomics.iastate.edu/) 
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Supplementary Table 3. Molecular markers used for amplifying tru1 
Marker Primer sequence (5’ to 3’) Source 
GDB249F GTCACGTTCAGCGTGGAG This study 
GDB218F ATACCCGTCAACTCCGTCAGCTA This study 
GDB182R TGTATAGGATCGGAGAGACCCAGA This study 
GDB212R CATCAGCTTCACCAGCTCCAC This study 
ZmBOPR1 AAGAATTGCAGTCGTGAGGGAAG This study 
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Supplementary Table 4. Primers used for semi-quantitative RT-PCR analysis 
Target gene Primer name Primer sequence (5’ to 3’) cDNA product 
size (bp)  
gDNA product 
size (bp)  
actin ActinF 
ActinR 
CCCAGTCCAAGAGGGGTATCCTGACTTT 
GCTGACACCATCACCAGAGTCCAATACA 
313 392 
tru1 ZmBOPF16 
211R 
ACATCGACGAGCACCACAAGA 
GGCTGAGGTTCACCATGCTC 
567 567 
tb1 JD96tb1F  
JD76tb1R 
TCCCATCAGTAAAGCACATG 
CCTACCTGCTGATCTATTGC 
1001 1001 
kn1 JoshF 
JoshR 
CGTCGTCGTCTCCCTACG 
AGATGGAAAGCGAGTTCAGC 
524 655 
ra1 EUO387 
Zm_ra1-R1 
GCTAGCAGCTATGGAGGGAGAAG 
AACTCTAAGTTCTTCCCCTCGAC 
462 462 
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CHAPTER 4.  CONCLUSION 
Li W, Vollbrecht E 
ABSTRACT 
Plant shoot architecture has many features including inflorescence sex, branching 
and internode elongation, which is largely controlled by the activities of shoot apical 
meristem (SAM) and axillary meristems (AxM). In maize, the typical architecture comprises 
a single shoot axis, and terminal and axillary inflorescence shoots (tassel and ear) derived 
from terminal and lateral meristems, respectively. The inflorescences produce more 
complex branching patterns to generate several branch axes and show selective elimination 
of male or female developmental processes. The pleiotropic maize mutant tassels replace 
upper ears1 (tru1) shows reduced apical dominance with elongated upper shanks tipped by 
lateral tassels and shortened upper stem, altered tassel phenotypes with shortened tassel 
length and branch length, and reduced tassel branch number.  By map-based cloning with 
the original, tru1-ws allele (total 5,399 mutant individuals) we isolated the tru1 gene. 
Cloning was confirmed with four additional mutant alleles from an EMS 
noncomplementation screen. tru1 transcripts were detected in all tissues queried including 
root, vegetative shoot and leaves, embryo, and inflorescences at various developmental 
stages, consistent with a fundamental role of tru1 in regulating plant architecture. tru1 
encodes a protein with a BTB/POZ domain and ankyrin repeats, highly similar to BLADE-ON-
PETIOLE1 (BOP1) of Arabidopsis. In Arabidopsis, BOP1 has many functions, including in leaf 
morphogenesis and in shoot architecture through effects on floral meristem fate. In maize 
tru1 mutants, upper axillary branches are elongated and tassel-tipped, and lower branches 
are progressively reduced, revealing a key role for tru1 in regulating axillary branch growth. 
The tassels replace upper ear1 (tru1) gene of maize regulates shoot architecture by 
restricting various shoot meristem activities including tassel branch elongation and axillary 
branch (shank) elongation, and by affecting subsequent floral meristem activities in 
inflorescence identity. To investigate the effect of tru1 on shoot architecture, morphological 
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analysis of tru1-ws mutant was performed, including treatments of supplemental gibberellic 
acid (GA3), far red (FR) light and decapitation, and genetic interaction tests with ramosa1 
(ra1), tasselseed1 (ts1), teosinte branched1 (tb1), barren inflorescence2 (bif2), barren stalk1 
(ba1), and Dwarf8 (D8) mutants. Here, we first report the novel functions of ts1 in tru1-
mediated inflorescence branching pathway. We found that tru1 acts as a positive growth 
regulator to promote elongation of internodes in the upper main stem (1° axis) and in the 
tassel, and branching in the tassel, but acts as a negative growth regulator to inhibit 
elongation of internodes in the shank (2° axis) and the ear, and determination of male 
inflorescence sex. Therefore, tru1 functions as an integrator of multiple pathways including 
inflorescence sex and branching, inflorescence and internode elongation in regulation of 
maize shoot architecture. 
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